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ABSTRACT 
Recently a new field of nanotechnology for biomedical and biomimicking 
applications has emerged due to advancements in nanofabrication. Such applications 
require nanostructure fabrication over large area and with low cost. Here, we present 
two methods to fabricate Si nanostructures: The first employs a lithography-less and 
highly scalable, bottom-up approach of glancing angle deposition of metal 
nanoparticles followed by metal assisted chemical etching (MACE) to fabricate 
vertical Si nanowire arrays. The second uses a top-down approach of interference 
lithography and MACE to fabricate regular, periodic nanostructures with different 
cross-sectional shapes. Structural characterization of the nanowires revealed insights 
into the etching phenomenon. Three applications of the nanostructured surfaces are 
presented: for (i) modulation of cellular behavior (ii) application in DNA/protein 
microarray and (iii) superhydrophobic surfaces with tunable adhesion and wettability. 
We demonstrate the synthesis of low-adhesion and high-adhesion superhydrophobic 
domains on one substrate and its application to create hierarchical structures.  
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Advancements in nanotechnology and engineering have resulted in a new field 
of study for biomedical and biomimicking applications. This field of study is 
interested in the synthesis and applications of nanostructures for biological and 
chemical applications, as well as the synthesis of surfaces that mimics surfaces 
engineered by nature for functional applications, such as mimicking the surface of 
lotus leaves for self-cleaning glass. In order for such studies to progress effectively, 
such nanostructured surfaces must be (i) easily fabricated, (ii) over large area and (iii) 
at low cost.  
This work seeks to fabricate silicon (Si) based nanostructures that addresses 
the above criteria without resorting to complex lithography techniques (such as e-
beam lithography) and etching processes (such as deep reactive ion etching), which 
are typically used in Si microelectronics fabrication. Here, we present two methods to 
fabricate Si based nanostructures The first utilizes a lithography-less and highly 
scalable, bottom-up scheme of glancing angle deposition of gold (Au) metal 
nanoparticles followed by metal assisted chemical etching (MACE) of Si in solutions 
of HF and H2O2, to fabricate dense forests of vertical Si nanowire arrays, which is 
named GLAD-CE. In MACE, the metal catalyst facilitates the reduction of H2O2. 
This results in the generation of holes, which get injected into Si via the Au catalyst, 
and the injection of holes facilitates Si etching by HF. Hence, Si in the vicinity of the 
catalyst is etched away, causing a collective sinking of the Au nanoparticles into Si 
which leaves free standing Si nanowires. Structural characterization of the nanowires 
by scanning electron microscopy (SEM), tunneling electron microscopy (TEM), 
Raman spectroscopy and photoluminescence (PL), revealed insights into this 
interesting Si etching phenomenon. It was discovered that during MACE, not only 
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one etching process, at the metal-Si interface takes place, but a secondary Si etching 
process occurred on the nanowire surface which lead to the formation of porous Si 
and mesoporous nanowires. This secondary etching process and the resultant 
nanowire morphology depends intimately on the mixture of HF and H2O2 
concentrations of the solution or the type of metal catalyst used. Through better 
understanding of MACE, we were able to modulate the morphology of the Si 
nanowires for our intended applications.  
The second process employs a top-down process of interference lithography 
(IL) and MACE of Si in HF and H2O2 with thin metal film as catalyst to fabricate 
regular, periodic nanostructures with different cross-sectional shapes and ordering, 
which is named IL-CE. By modulating different exposure conditions during IL, Si 
nanopillars, nanofins and nanogrooves were fabricated. As mentioned earlier, porous 
Si forms on the nanowire surface during MACE. Exploiting an enhanced oxidation of 
porous Si on the nanopillars, and its removal by HF, led to the formation of periodic 
arrays of Si nanocones. 
Next, this study presents three applications of the nanostructured surfaces: (i) 
for superhydrophobic surfaces with tunable adhesion and wetting properties (ii) for 
application in DNA/protein microarray and (iii) for modulation of cellular behavior.  
Wettability of a solid surface, in particular, superhydrophobic surfaces which 
exhibit large contact angles (> 150°), is an important property and keenly researched 
on due its many practical applications in industries and biological applications for 
example, self–cleaning mirrors and windscreens for automobiles, anti-sticking of 
snow for window and microfluidic devices just to name a few. These applications 
exploit the water repellent and self-cleaning properties of superhydrophobic surfaces 
that naturally occur in nature (like the surface of the lotus leaf and rose petal). This 
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work present two schemes to modulate the wettability of a superhydrophobic surface 
through exploiting capillary force-induced nanocohesion: (a) by tuning nanowire 
stiffness and (b) by exploiting different liquid medium, which thus far has been 
overlooked in nanocohesion studies. Both methods result in the demonstration of 
spatial patterning of both low- and high-adhesion superhydrophobicity on the same 
substrate by modulating the morphology of Si nanowire arrays. The demonstration of 
hybrid superhydrophobic surfaces with spatially selective, tunable adhesion behavior 
on single substrates paves the way for future applications for microfluidic channels, 
substrates for biological and chemical based analysis and detection where it is 
necessary to analyze a particular droplet in a defined location on a surface, or as a 
platform to study in-situ chemical mixing and interfacial reactions of liquid drops. 
This study goes further to demonstrate the use of such surfaces for the synthesis of 
hierarchical magnetic superstructures formed through self-assembly, based on 
intermixing of liquid droplets.  
DNA microarrays and recently, protein microarrays have garnered significant 
attention in biological research over recent years. Such a microarray, houses multiple 
probe sites (ranging from hundreds to thousands) that allows molecular recognition of 
a complementary molecule of interest. Such a microarray serves as a testing platform 
to determine gene expression, genotyping and genetic diagnosis, just to name a few. 
In this work, we explore the utilization of Si nanowire arrays fabricated by IL-CE and 
GLAD-CE for DNA and protein detection. The significantly high capture yield on 
GLAD-CE is attributed to the high surface area to volume ratio due to the high aspect 
ratio and porosity of the nanowires. This lead to the development of the GLAD-CE 
DNA/Protein microarray where more work is currently being carried out towards the 
development of a finished product.  
! xiii!
 Over the last decade, there have intense research interests investigating how 
cells behave on nano-structured surfaces, as different cell-types are known to respond 
to the various chemical and geometrical cues at nanometer length scales in ways that 
are different from those observed on flat, featureless substrates. Here, the effects of 
different nanoscale surface topologies (nanopillars, nanofins and nanogrooves) in 
guiding neurite extension were investigated. While the neurite extension of Neuro2A 
cells (a type of neuron cell) on the oxidized nanopillars and nanofins was found to 
occur in random directions, the neurites were found to orientate in parallel directions 
on the oxidized nanogrooved surfaces. More work is currently being studied to 
understand the reasons behind guided neuronal differentiations on such cells. As this 
nanofabrication method allows the creation of nanostructures over a large area at a 
significantly lower cost, it serves as a platform for the study on topological guidance 
of neurite extension. In addition, such substrates can also serve as a template for 
nano-imprinting to fabricate nanostructured surfaces on other materials beyond Si, 
such as plastics.  
  
! xiv!
LIST OF TABLES Table!4.1:!Breakdown!of![H2O2]!concentrations!used!in!different!samples.!..........!79!Table!6.1.!CA!measurements!of!nanostructures!fabricated!by!ILRCE!.....................!108!Table!6.2.!Comparing!CA!measurements!of!this!work!with!others!.........................!109!Table!6.3:!Surface!tension!and!Young’s!angle!with!different!liquids.!.....................!142!Table!6.4:!CA!and!CA!hysteresis.!.............................................................................................!145!Table!A.1:!breakdown!of![HF]!and![H2O2]!where![HF]!was!varied!and![H2O2]!kept!constant!at!0.44!M.!..............................................................................................................!213!Table!B.1.!The!change!in!nanowire!height!and!the!estimated!change!in!nanowire!volume!after!the!nanowires!were!etched!in!10%!HF!solution!for!1!minute!at!room!temperature.!..............................................................................................................!232!
  
! xv!
LIST OF FIGURES Figure!2.1:!Schematic!diagram!of!a!GLAD!evaporator!set!up.!Film!engineering!is!achieved!through!adjustments!of!α!and!ϕ!during!the!GLAD!process.!.............!13!Figure!2.2:!Schematic!diagram!illustrating!the!relationship!between!direction!of!columnar!growth!to!flux!arrival!angle.!..........................................................................!14!Figure!2.3:!Schematic!diagram!illustrating!atomic!shadowing.!In!the!initial!stages!of! GLAD,! (a)! adatoms! condense! and! form! nuclei,! which! results! in!geometrical! shadowing.! (b)!The! resulting! film! is!made!up!of! columns! that!grow!off!the!nuclei!and!grow!in!the!direction!of!the!incoming!flux.!................!15!Figure!2.4:!Schematic!diagram!illustrating!the!interference!lithography!setRup.!16!Figure!2.5:!(a)!Surface!wetting!in!the!Wenzel!state!and!(b)!surface!wetting!in!the!Cassie!state.!...............................................................................................................................!22!Figure!2.6:!Slipping!of!water!droplet!on!a!surface!with!dust!particles!in!(a)!while!in!(b)!the!rolling!of!the!water!droplet!helps!pick!up!dust!particles;! i.e.!selfRcleaning!effect.!.........................................................................................................................!24!Figure!2.7:!Schematic!diagram!illustrating!the!hybridization!of!a!target!strand!to!its!complementary!DNA!sense!strand!(DNA!probe).!..............................................!26!Figure!3.1:!Schematic!representation!of!a!thermal!oxidation!furnace!used!in!this!work.!............................................................................................................................................!40!Figure!3.2:!Schematic!diagram!illustrating!a!liftRoff!process.!.......................................!43!Figure!3.3:!Schematic!diagram!of!a!thermal!evaporator!setRup.!.................................!44!Figure!3.4:!Schematic!diagram!of!an!SEM!setRup.!..............................................................!46!Figure!3.5:!Schematic!diagram!of!the!set!up!in!a!TEM!system.!....................................!48!Figure!3.6:!Schematic!diagram!of!energy!transitions!during!Rayleigh,!Stokes!and!antiRStokes!scattering!processes!respectively.!..........................................................!51!Figure!3.7:!Schematic!diagram!of!a!Raman!spectrometer!set!up.!...............................!52!Figure!3.8:!Schematic!diagram!of!photoluminescence!in!semiconductors.!............!53!Figure!3.9:!Schematic!diagram!of!PL!spectrometer!set!up.!............................................!54!Figure!4.1:!Fabrication!of!Si!nanowire!arrays!through!GLAD!of!Au!nanoparticles!on!Si!followed!by!MACE!in!HF!and!H2O2!solution.!....................................................!58!Figure!4.2:!(a)!SEM!images!of!Au!nanoparticles!synthesized!by!GLAD!on!Si.!Inset!in! (a)! shows! the! presence! of! small! nanoparticles! between! the! larger!
! xvi!
nanoparticles.! (b)!Histogram!showing! the! size!distribution!of! the!particles!on!the!Si!surface.!.....................................................................................................................!61!Figure! 4.3:!Morphology! of! asRsynthesized! Si! nanowires! by! GLADRCE.! (a)! bird’s!eye!view,!(b)!topRview!and!(c)!cross!sectional!view!of!Si!nanowires.!Inset!in!(c)! shows!Au!nanoparticles!at! the!base!of! the!Si!nanowires! (500!nm!scale!bar).!..............................................................................................................................................!64!Figure!4.4:!TEM!images!of!GLADRCE!Si!nanowires:!moving!from!the!top!(a)!to!the!base!(c)!of!a!thick!nanowire!of!~100!nm!diameter!and!(d)!thin!nanowire!of!~20!nm!diameter.!Figures!on! the! right!are!highRresolution!TEM! images!of!those!on!the!left.!......................................................................................................................!66!Figure!4.5:!(a)!PL!emission!of!mesoporous!Si!nanowires!and!bulk!Si.!No!distinct!emission!was!obtained!from!bulk!Si.!Strong!PL!of!mesoporous!Si!NW!signal!peaked!at!682!nm.!(b)!325!nm!UV!Raman,!(c)!488!nm!visible!Raman!spectra!of!mesoporous!Si!nanowires!(sample!EN)!with!peak!deconvolutions!and!(d)!785! nm! nearRresonant! Raman! showing! intense! Raman! signal! from!nanowires!comapred!to!bulk!Si.!.......................................................................................!68!Figure!4.6:!SEM!images!of!AgRetched!Si!nanowires!by!GLADRCE.!...............................!72!Figure!4.7:!TEM!images!of!AgRetched!Si!nanowires!moving!from!top!(a)!to!bottom!(c)!of!a!nanowires.!The!microstructures!show!a!clear!difference!compared!to!AuRetched!nanowires.!...........................................................................................................!74!Figure! 4.8:! SEM! images! of! Ag! nanoparticle! morphology! on! Si! synthesized! by!GLAD.! Some! of! the! Ag! nanostructures! are! coalesced! to! form! elongated!nanostructures.!(a)!is!a!topRview!SEM!while!(b)!is!a!tilted!SEM!image.!.........!76!Figure!4.9:!(a)!PL,!(b)!325!nm!UV!Raman,!(c)!488!nm!visible!Raman!and!(d)!785!nm! NIR! Raman! spectra! of! Au! and! AgR! etched! Si! nanowires.! (b)! and! (c)!showing! the! SERRS! observed!with! Ag! nanoparticles! under! visible! and!UV!excitation!whereas!(d)!shows!SERRS!with!NIR!excitation!wavelength.!.........!78!Figure! 4.10:! SEM! images! of! Si! nanowire! morphology! with! increasing! [H2O2]!(from!0.09!M!(a),!0.44!M!(b),!0.97!M!(c)!to!4.4!M!(d)!at!4.6!M!of!HF.!...............!80!Figure!4.11:!PL!(a)!and!Raman!spectra![325!nm!UV!(b),!488!nm!visible!(c)!and!785!nm!NIR!(d)]!of!Si!nanowires!etched!with!increasing![H2O2]!from!0.09!M!(Low!H2O2),!0.44!M!(Control)!to!0.97!M!(High!H2O2).!............................................!81!
! xvii!
Figure!4.12:!TEM!images!of!nanowires!etched!with!increasing![H2O2]:!(a)!0.09!M!(Low!H2O2),!(b)!0.44!M!(Control)!and!(c)!0.97!M!(High!H2O2)!at![HF]!of!4.6!M.!Scale!bar!in!inset!in!(c)!is!20!nm.!...............................................................................!83!Figure!4.13:!SEM!images!of!nanowires!etched!at!0.97!M!H2O2!and!4.4!M!H2O2!at!4.6!M!HF!(a)!asRsynthesized!and!(b)!after!oxidation!in!ambient!air!and!10%!HF!dip!for!1!min.!.....................................................................................................................!85!Figure! 5.1:! Schematic! diagrams! illustrating! fabrication! of! Si! nanowire! arrays!using!a!combination!of!interference!lithography!and!MACE.!.............................!92!Figure!5.2:!ScanningRelectronRmicrographs!of!(a)!Si!nanowires,!(b)!Si!nanofins!(c)!Si! nanowires! with! oval! crossRsections! and! (d)! nanogrooves! obtained!through! interference! lithography!with! different! conditions! combined!with!MACE.!...........................................................................................................................................!94!Figure! 5.3:! Photoresist! dots! after! IL! exposure! and! development! process.! (a)!Creation! of! the! nanoRdots! required! two! exposures! carried! out! in!perpendicular! orientations! (corresponding! to! a! halfRangle! θ! between! the!two!beams!of!200).!(b)!Nanofins,!required!relative!exposures!of!30°!between!the!two!exposure.!(c)!For!the!creation!of!nanoRovals,!the!first!exposure!was!done!at!θ!=!20°,!followed!by!a!second!exposure!at!θ!=!10°.!(d)!Nanogrooves,!only!required!a!single!exposure!at!θ!=!20°.!.................................................................!95!Figure! 5.4:! Plot! of! the! dose! distribution! impinging! upon! the! resist! during!interference!lithography.!θ!is!fixed!at!19°!and!λ!of!the!laser!source!is!325!nm.!The! light! regions!represent!high!exposure,!and! the!dark!regions!represent!low! exposure.! (a)! Plot! of! the! dose! distribution! for! the! first! exposure;! (b)!dose! distribution! for! the! second! exposure,! which! was! carried! out! at! a!perpendicular!orientation.! ! (c)!Plot!of! total!dose!distribution!as!a! result!of!the!superposition!of!two!perpendicular!exposures!of!equal!amplitude.!(d)!A!three!dimensional!view!of!plot!c,!showing!the!peak,!saddle,!and!minimum!of!the!dose!distribution.!............................................................................................................!97!Figure! 5.5:! Plot! of! the! dose! distribution! impinging! upon! the! resist! during!interference!lithography!(θ!=!19°,!α!=!30°,!and!λ!=!325!nm).!The!light!regions!represent!high!exposure,!and!the!dark!regions!represent!low!exposure.!(a)!Plot!of!the!dose!distribution!for!the!first!exposure;!(b)!dose!distribution!for!the!second!exposure!which!was!carried!out!at!a!30°!relative!orientation.!!(c)!
! xviii!
Plot! of! total! dose! distribution! as! a! result! of! the! superposition! of! the! two!exposures! of! equal! amplitude.! (d)! A! three! dimensional! view! of! plot! c,!showing!the!peak,!saddle,!and!minimum!of!the!dose!distribution.!..................!98!Figure!5.6:! !ScanningRelectronRmicrographs!of!Si!nanowires!of!different!heights!obtained!by!varying!the!MACE!time:!(a)!3,!(b)!6!and!(c)!10!min.!......................!99!Figure! 5.7:! ! ScanningRelectronRmicrographs! of! Si! nanowires! with! different!diameters:!(a)!approximately!230!nm,!and!(b)!approximately!150!nm.!.......!99!Figure!5.8:!!ScanningRelectronRmicrographs!of!Si!nanowires!with!different!planar!densities:!!(a)!4x106!!!mmR2,!(b)!1x106!mmR2,!and!(c)!3.5x105!mmR2.!.............!100!Figure! 5.9:! Process! flow! of! the! synthesis! of! Si! nanocones! from! ILRCE! Si!nanowires.!..............................................................................................................................!101!Figure!6.1!(a)!to!(f)!illustrates!the!sequence!of!events!during!CA!measurements!of!Si!nanowires!and!nanofins!surfaces!showing!high!contact!angle!and!antiRwetting!property.!.................................................................................................................!108!Figure! 6.2:! Schematic! diagram! illustrating! the! basic! processes! utilized! in! the!GLADRCE!process! to! fabricate! Si! nanowires! followed!by! silanization!of! the!nanowires!to!achieve!superhydrophobicity.!...........................................................!112!Figure! 6.3:! Scanning! electron! microscope! (SEM)! images! of! Au! nanoparticles!deposited! on! Si! via! GLAD.! (a)! depicts! Au! nanoparticles! performed! for!shorterRGLAD! duration.! While! (b)! shows! Au! nanoparticles! obtained! from!longerRGLAD!duration.!Inset!in!(b)!is!a!bird’s!eye!view!of!the!nanoparticles!obtained! from! (b)! showing! the! presence! of! a! high! density! of! smaller! Au!nanoparticles!between!the!larger!Au!nanoparticles.!The!white!arrows!points!to! small! Au! nanoparticles! between! larger! Au! nanoparticles.! (c)! is! a!histogram! showing! the! distribution! of! Au! nanoparticle! size! from! SEM!images! similar! to! (a)! and! (b).! The! nanoparticle! sizes!were! determined! by!manually!measuring!more!than!200!nanoparticles!from!several!SEM!images!similar!to!(a)!and!(b).!.........................................................................................................!114!Figure!6.4:!Morphology!of!Si!nanowires! fabricated!by!GLADRCE.!SEM! images!of!nanowires!from!metalRassisted!chemical!etching!of!Si!with!Au!nanoparticles!from! shortRGLAD! duration! (a)! and! nanowires! etched! from! Si! with! Au!nanoparticles!from!longRGLAD!duration!(b).!The!insets!in!(a)!and!(b)!are!top!view!SEM!images!of!the!respective!samples!(scale!bar!refers!to!10!µm).!(c)!
! xix!
and! (d)! are! crossRsectional! SEM! images! of! the! nanowires! of! (a)! and! (b)!respectively.! Insets! in! (c)! (300nm! scale! bar)! and! (d)! (500nm! scale! bar)!show! the!presence!of!Au!nanoparticles! that!have! sunken! to! the!bottom!of!the! Si! surface.! (e)! and! (f)! are! TEM! images! of! nanowires! in! (a)! and! (b)!respectively.!(g)!and!(h)!are!TEM!images!of!nanowires!from!(a)!and!(b)!with!~10!nm!diameter.!...............................................................................................................!116!Figure! 6.5:! Contact! angle! measurements! and! wetting! behaviors! of! the! two!different! nanowire! samples.! (a)! shows! a! 6! μl! drop! on! water! on! the! CNS!(smaller!volumes!remained!attached!to!the!syringe).!(b)!shows!a!4μl!droplet!of!water!on!the!SNS.!(c)!shows!a!4μl!droplet!on!the!SNS!at!a!tilting!angle!of!180°.!..........................................................................................................................................!119!Figure! 6.6:! Optical! images! illustrating! the! superhydrophilic! nature! of! the!nanowire! surfaces! without! silanization.! (a)! shows! the! nonRsilanized! CNS!surface! just! before! in! contact! with! the! water! droplet! and! (b)! shows! the!resulting! immediate!spreading!of!water!across! the!sample!upon!contact!of!the!surface!to!the!water!droplet.!..................................................................................!120!Figure!6.7:!(a)!shows!SEM!images!of!!a!CNS!prior!to!silanization!while!(b)!shows!a! CNS! after! silanization.! This! demonstrates! that! the! deposition! of!organosilane! does! not! significantly! modify! the! surface! topography! of! the!nanowires.!..............................................................................................................................!120!Figure!6.8:!Snapshot!images!from!of!water!droplets!impinging!on!the!CNS!(a)!and!the!SNS!(b)!respectively!...................................................................................................!121!Figure!6.9:!SEM!images!of!catalytically!etched!Si!surface!with!a!3!nm!Au!film!(a)!and!12!nm!Au!film!on!Si!(b).!(a)!shows!nanowire!array!while!(b)!shows!Si!stumps!remaining!on!the!Si!surface.!...........................................................................!122!Figure! 6.10:! Plot! comparing!CA!measurements! obtained! from! the!CNS! and! the!SNS!with!the!CassieRBaxter!equation.!.........................................................................!123!Figure!6.11:!(a)!shows!a!topRview!SEM!image!of!CNS!surface!while!(b)!shows!a!digitized,! thresholded!black!and!white! image.!Solid! fraction!was!calculated!as!the!ratio!of!white!pixels!to!total!number!of!pixels.!.........................................!123!Figure! 6.12:! (a)! is! a! plot! showing! CA! with! increasing! metalRassisted! chemical!etching! duration! at! increasing! GLAD! durations! [(GLAD1! (17!min),! GLAD2!(33!min),! GLAD3! (67!min)! and! GLAD4! (100!min)].! Lines! are! included! as!
! xx!
guides!for!the!eye.!(b)!are!SEM!images!of! longerRGLAD!duration!etched!for!b(i)! 2!min,! b(ii)! 4min,! b(iii)! 10min! and! b(iv)! 20!min.! (c)! are! SEM! images!showing!Si!nanowire!arrays!with!varying!morphologies!obtained!by!metal!assisted! chemical! etching! of! Si! for! 20min!with! increasing! GLAD! duration,!c(i),!GLAD1,!c(ii)!GLAD2,!c(iii)!GLAD3!and!c(iv)!GLAD4.!...................................!128!Figure!6.13:!(a)!shows!water!droplets!(of!4µl!volume)!on!a!hybrid!highR!and!lowRadhesion!superhydrophobic!surface!on!a!single!Si!substrate!fabricated!with!both!CNS!(outside!the!squares)!and!SNS!(within!the!squares).!Inset!in!(a)!is!a!picture!of!a!droplet!of!water!sticking!in!the!region!within!the!square!when!the!Si!substrate!is!inverted.!(b)!is!a!high!magnification!SEM!image!showing!the!different!morphology!of!the!nanowires!within!and!outside!of!the!defined!squares.! Inset! in! (b)! is! a! low! magnification! SEM! image! of! the! square!containing! the! SNS! surrounded! by! CNS.! (c)! schematically! illustrates! the!process!flow!to!obtain!the!tunable!adhesion!superhydrophobic!surface!on!a!single!substrate.!...................................................................................................................!131!Figure! 6.14:! (a)! shows! a! Si! surface! fabricated! with! both! CNS! (outside! the!squares)!and!SNS!(within!the!squares).!Inset!in!(a)!is!a!picture!of!a!droplet!of!water! sticking! in! the! region! within! the! square! when! the! Si! substrate! is!inverted.! (b)! is! a! high!magnification! SEM! image! of! the! boundary! between!the!CNS!and!the!SNS!regions.!Inset!in!(b)!denotes!a!low!magnification!SEM!image!of!the!2!mm!square!of!SNS!surrounded!by!regions!of!CNS.!.................!132!Figure! 6.15:! Si! surface! fabricated! with! two! different! wetting! properties!(hydrophilicRsuperhydrophobic!Si!surface).!(a)! is!a!high!magnification!SEM!image! showing! the! CNS! around! the! SiO2! surface! while! the! inset! in! (a)!denotes!a!low!magnification!SEM!image!of!the!SiO2!square!surface!(0.5!mm!length)! surrounded! by! CNS.! (b)! is! an! image! of! the! hydrophilicRsuperhydrophobic! surface! after! immersion! in! water.! Water! was! only!capable!of!wetting!the!hydrophilic!area!resulting!in!small!droplets!confined!on! the! hydrophilic! SiO2! surface! while! the! CNS! surface! remains! dry.! (c)!schematically! illustrates! the! process! flow! to! obtain! Si! surfaces! with! dual!hydrophilicRsuperhydrophobic!wetting!properties.!............................................!134!
! xxi!
Figure!6.16:!SEM!images!of!nanowires!dried!in!(a)!water,!(b)!2Rpropanol!and!(c)!methanol.! Top! images! are! higher!magnification! images.! Insets! show! tilted!SEM!images!of!nanowire!arrays.!Scale!bar!in!insets!is!1!μm.!...........................!138!Figure! 6.17:! Solid! fraction! between! different! surfaces! with! different! nanowire!cluster!sizes.!...........................................................................................................................!139!Figure!6.18:!Percolation!path!from!digitized!SEM!images!in!Figures!6.16.!The!top!image! represents! the! digitized! SEM! image! selecting! only! the! tips! of! the!nanowire! clusters.! The! colored! images! show! the! degree! or! percolation!between! the! respective! nanowire! samples.! a! shows! the! percolation! of! the!waterRdried! sample,! b! is! that! of! 2Rpropanol! dried! sample! and! c! is! the!outcome!from!the!methanolRdried!sample.!.............................................................!140!Figure!6.19:!TopRview!SEM!images!of!drying!with!stiffer!nanowires!after!drying!in!(a)!water,!(b)!2Rpropanol!and!(c)!methanol.!......................................................!144!Figure!6.20:!TopRview!SEM!images!of!10!μm!long!Si!nanowires!after!drying!in!(a)!water,!(b)!2Rpropanol!and!(c)!methanol.!..................................................................!144!Figure! 6.21:! CA! measurements! on! (a)! waterRdried,! (b)! 2RpropanolRdried,! (c)!methanolRdried!silanized!GLADRCE!Si!nanowire!arrays.!....................................!145!Figure!6.22:!Measured!CA!to!CB!model!of!the!various!nanoclustered!surfaces.!146!Figure!6.23:!CPD!dried!GLADRCE!nanowire!arrays.! (a)! is!a! topRview!SEM! image!while!(b)!is!a!crossRsectional!view.!..............................................................................!148!Figure!6.24:!Fabrication!of!two!regions!of!differently!clustered!nanowires!on!one!surface.!(a)!shows!the!drying!method!while!(b)!shows!top!view!SEM!images!in!moving!from!the!left,!waterRdried,!to!the!right,!methanolRdried!region.!149!Figure!6.25:!Fabrication!of!striped!superhydrophobic!surface!via!capillary!force!induced!nanocohesion.!(a)!schematically!illustrates!the!drying!method!while!(b)! shows! a! water! droplet! resting! on! the! methanolRdried! region! of! the!substrate! and! topRview! SEM! images! of! the! region! of! the! sample! dried! in!water!(far!left!and!right!image)!and!in!methanol!(center!SEM!image).!Insets!are!higher!magnification!SEM!images.!.......................................................................!151!Figure! 6.26:! Schematic! representation! of! experimental! procedure! to! fabricate!hollow! hierarchically! structured! superparamagnetic! particles! (HHSSP)! on!hybrid!hydrophilicRsuperhydrophobic!Si!substrates.!.........................................!157!
! xxii!
Figure! 6.27:! Schematic! representation! illustrating! formation! of! hollow!hierarchically!structured!superparamagnetic!particles!(HHSSP).!.................!158!Figure!6.28:!SEM!images!of!iron!oxide!structures!synthesized!on!flat!Si!substrate!(a!and!b).!(c)!shows!the!localized!PAA!and!d)!shows!the!localized!iron!oxide!particles.!No!superstructures!were!obtained.!.........................................................!159!Figure! 6.29:! (a)! Schematic! illustration! of!HHSSP.!Microscopy! images! of!HHSSP!formed! using! 7.7! mM! PAA! (b)! TEM! images! showing! singleRdomain!nanocrystals.! (c)! SEM! images! illustrating! secondary! particles.! (d)! SEM!images! of! HHSSP.! (e)! Magnetization! M/MS$ (MS! is! the! saturation!magnetization)!of!HHSSP!measured!by!VSM.!..........................................................!161!Figure!6.30:!SEM!images!of!HHSSP!(PAA!concentration!=!7.7!mM).!Scale!bars!are!500!mm.!...................................................................................................................................!162!Figure! 6.31:! Stereomicrographs! showing! delayed!mixing! of! aqueous! black! dye!with!increasing!PAA!concentration.!Scale!bars!represent!~1!mm.!...............!163!Figure! 6.32:! SEM! images! of! iron! oxide! superstructures! at! varying! PAA!concentrations.!.....................................................................................................................!163!Figure!6.33.!SEM!images!of!(a)!iron!oxide!precipitate!formed!using!0!mM!PAA!(b)!PAARFe! complex! formed! from! addition! of! iron! salts! to! PAA! (PAA!concentration! =! 7.7! mM).! (c)! Control! experiment! of! PAA! only! (PAA!concentration!=!7.7!mM),!dotted!area!represents!hydrophilic!grid!of!silicon!surface.!A!droplet!containing!DI!water!(instead!of! iron!salts)!was!added!to!the! PAA! droplet! in! this! experiment.! d)! Iron! oxide! precipitate! formed! by!fusing!aqueous!droplet!containing!mineral!salts!(FeCl2,!FeCl3)!with!another!droplet!containing!base!NH4OH!and!PEG.!Insets!show!higher!magnification!of!the!structures!formed.!..................................................................................................!164!Figure! 6.34:! Viscosity! profile! of! PAA,! and! PAA! with! NH4OH! mixture.!Concentration! of! NH4OH! is! maintained! at! 1.4! M! for! all! experiments!containing!NH4OH.!..............................................................................................................!165!Figure! 6.35:! Difference! in! iron! oxide! superstructure! morphology! when!synthesized!on!(a)!a!hydrophilic!pad!on!the!hydrophilicRsuperhydrophobic!substrate! and! (b)! a! highRadhesion! superhydrophobic! pad! on! a! highRadhesionRlowRadhesion!superhydrophobic!substrate.!.......................................!167!Figure!7.1.!Fabrication!of!the!different!Si!nanostructures!used!for!this!work.!..!176!
! xxiii!
Figure!7.2.!Proposed!process!flow!of!this!work!for!nanowires!based!DNA/Protein!microarrays.!...........................................................................................................................!180!Figure!7.3.!!Si!nanostructures!fabricated!by!ILRCE!(a)!and!by!GLADRCE!(b).!Insets!in!(a)!and!(b)!are!topRview!SEM!images!of!the!respective!figures.!!Scale!bar!in!insets!in!(a)!is!2!μm!and!4!μm!in!(b).!.....................................................................!181!Figure!7.4.! !Density!of! reactive!amine!group!on! flat! and!nanostructured!silicon!chips.!4A!shows!relative!fluorescent!unit!(RFU)!readings!of!directly!coupled!Cy5!(1:100)!on!both!flat!and!nanostructures!silicon!surfaces.!4B!shows!RFU!readings! of! different! concentrations! of! Cy5! directly! coupled! onto! flat! and!GLADRCE!surfaces.!...............................................................................................................!182!Figure! 7.5.! Histogram! showing! increase! in! surface! area! of! nanostructured! Si!surfaces!used!in!this!work.!..............................................................................................!183!Figure!7.6.!TEM!images!of!asRsynthesized!Si!nanowires!by!GLADRCE.!(a)!shows!a!nanowire!with!10!nm!diameter!while!(b)!shows!a!nanowire!with!~100nm!thickness.!(c)!is!a!high!resolution!TEM!image!of!a!single!crystalline!nanowire!to!contrast!the!mesoporous!structure!of!the!nanowire!in!(d)!that!is!a!higher!resolution!image!of!the!nanowire!in!(b).!...................................................................!184!Figure!7.7:!(a)!shows!the!fluorescent!intensity!of!Cy5!dye!on!flat!Si!surface!and!GLADRCE! nanostructured! surfaces! etched! with! Au! and! Ag! as! catalyst.! (b)!RFU! readings! of! directly! coupled! Cy5! (1:100)! on! flat,! AuRetchedR! and! AgRetchedR!GLADRCE!nanostructured!Si!surfaces.!........................................................!185!Figure!7.8.!SEM!images!of!roughened!Si!surface!etched!for!(a)!2!min!in!MACE!and!(b)! 20! min.! (c)! shows! the! density! of! reactive! amine! groups! on!nanostructured! silicon! surface! generated! by! Au! deposition! and! metalRassisted!chemical!etching.!Shown!in!(c)!are!RFU!readings!of!directly!coupled!Cy5!(1:100)!on!flat,!thin!metalRCE!and!GLADRCE!nanostructured!Si!surfaces.!.....................................................................................................................................................!186!Figure!7.9.!Optical!images!of!water!droplets!(a)!just!before!wetting!the!substrate!and!(b)!upon!wetting!the!substrate!showing!the!superhydrophilic!nature!of!asRprepared!GLADRCE!substrates.!................................................................................!187!Figure!7.10.!Fabrication!and!realization!of!GLADRCE!nanostructured!microarray.!(a)! schematically! illustrates! the! process! flow! to! fabricate! the! GLADRCE!microarray.!(b)!is!a!picture!of!the!GLADRCE!microarray.!(c)!is!an!SEM!image!
! xxiv!
illustrating!the!boundary!at!the!edge!of!the!square!containing!the!GLADRCE!nanowires.!Inset!in!10c!shows!a!low!magnification!SEM!image!of!one!square!containing!the!Si!nanowires.!Scale!bar!in!inset!is!1mm.!.....................................!189!Figure!7.11.! !Comparison!of! the! loading!density!of! ssDNA!on!GLADRCE!and! flat!silica! surface.! (A)! shows! the! florescent! intensity! of! GLADRCE! and! Flat!surfaces!after!upon!coupling!of!various!concentrations!of!Cy3!labeled!ssDNA!oligos.!The!RFU!readings!are!shown!in!(B).!.............................................................!190!Figure!7.12:!Comparison!of!the!loading!density!of!sense!and!antisense!ssDNA!on!GLADRCE!microarray!chip.!(A)!shows!the!florescent!intensity!of!Cy3!coupled!sense!strand!(green)!and!Cy5!coupled!target!strand!on!GLADRCE!surfaces!at!various! concentrations! of! Cy3! labeled! ssDNA! oligos! and! Cy5! ssDNA! antiRsense!oligo!at!20!µM.!Respective!RFU!readings!are!shown!in!(B).!................!191!Figure!7.13.!Schematic!diagram!illustrating,!for!example,!the!fabrication!of!silicon!nanogroove! arrays! using! a! combination! of! interference! lithography! and!catalytic! etching! (ILRCE)! for! directed! growth! of! neuronal! structures.! Note!that!the!same!fabrication!steps!with!slight!modification! in!the! interference!lithography! parameters! can! be! employed! for! fabricating! nanopillars! and!nanofins.!..................................................................................................................................!194!Figure! 7.14.! (a)R(d),! schematic! illustration! of! the! basic! steps! in! fabricating!polyimide! nanogroove! substrate! by! nanoRimprinting! using! ILRCE! Si!nanogroove! substrate! as! the! master.! (e)! SEM! image! of! the! polyimide!nanogrooves.!.........................................................................................................................!195!Figure! 7.15.! Differentiation! of! Neuro2AReGFP! cells! on! nanopatterned! surfaces!(pillarRlike,! finRlike! and! groove! nanostructures).! Neuro2AReGFP! cells! were!exposed! to! 15µM! retinoic! acid! to! induce! differentiation.! Shown! here! are!representative! images!of!native! (a)! and!differentiated! (bRf)!Neuro2AReGFP!cells! grown! on! various! surfaces.! Inserts! are! SEM! images! of! the! pillarRlike,!finRlike! and! groove! nanostructures.! Dimensions! of! nanogrooves:! width!400nm,!period!1µm,!depth!600R700nm.!...................................................................!198!Figure!7.16.!SEM!images!of!retinoic!acid!differentiated!Neuro2A!cells!on!flat!and!grooved! silicon! surfaces.! Retinoic! acid! differentiated! Neuro2A! cells! were!fixed! and! visualized! by! scanning! electron! microscope.! Shown! here! are!representative! images! of! differentiated!Neuro2A! cells! on! flat! (upper! row)!
! xxv!
and! on! grooved! silica! surface! after! 24! h! of! retinoic! acid! treatment! (lower!row).!..........................................................................................................................................!199!Figure! 7.17.! Differentiation! of! Neuro2A! cells! on! plain! and! nanogrooved!polyimide!substrates.!Neuro2A!cells!were!exposed!to!15µM!retinoic!acid!to!induce!differentiation.!Control!experiments!were!performed!on!polystyrene!surfaces.! Dimensions! of! polyimide! nanogrooves:! width! 400nm,! period!1.2µm,! depth! 400nm.! Dimensions! of! transparency! nanogrooves:! width!300nm,!period!1.2µm,!depth!400R500nm.!...............................................................!201!Figure!A.1:!SEM!images!of!nanowire!morphology!etched!with!varying![HF]!at!(a)!0.44!M,! (b)! 4.6!M! and! (c)! 10!M.! Inset! in! (c)! is! a! bird’sReye! view! of! the! Si!surface.!Scale!bar!is!5!μm.!................................................................................................!214!Figure! A.2:! PL! (a)! and! Raman! spectra! [UV! (b),! Visible! (c)! and! NIR! (d)]! of! Si!nanowires! etched! with! increasing! [HF]! from! 0.44! M! (Low! HF),! 4.6! M!(Control)! to!10!M!(High!HF).! (e)!The!peak!deconvolution!of!visible!Raman!spectra!for!sample!High!HF!(etched!at!10!M!HF)!showing!the!broader!mode!from!nanocrystallites.!........................................................................................................!217!Figure! A.3:! TEM! images! of! Si! nanowires! etched! under! high! [HF]! of! 10!M.! The!micrographs! show! nanowires! with! porous! exterior! and! with! crystalline!core.!...........................................................................................................................................!218!Figure!A.4:!SEM!images!of!Si!nanowires!etched!at!(a)!25!°C!(Control)!and!(b)!50!°C.! Top! images! are! tilted! images! while! bottom! images! are! topRview! SEM!images.......................................................................................................................................!220!Figure! A.5:! PL! (a)! and! Raman! spectra! [UV! (b),! Visible! (c)! and! NIR! (d)]! of! Si!nanowires!etched!at!25!°C!and!50!°C.!.........................................................................!222!Figure!A.6:!TEM!images!of!Si!nanowires!etched!at!50!°C!showing!different!types!of!microstructures.!Inset!in!(b)!is!20!nm.!.................................................................!223!Figure!B.1:! Schematic! diagram! showing! the! process! flow! in! obtaining! Si!nanocones!from!nanowires!via!the!ILRCE!method.!Note!that!the!bending!of!nanowires!is!not!illustrated!in!this!schematic!diagram.!.....................................!226!Figure!B.2:!SEM!images!of!large!area,!precisely!located!(i)!straight,!(iii)!topRbent!and!(v)!severelyRbent!Si!nanowires!that!were!etched!in!a!mixed!solution!of!H2O,!HF! and!H2O2! at! room! temperature! respectively.! SEM! images! (ii),! (iv)!and! (vi)! show! the! different! shapes! of! nanostructures! after! etching! Si!
! xxvi!




CHAPTER 1 Introduction 
1.1 Background  
Nanotechnology, as an idea, was presented in 1959 with Richard P. 
Feynman’s groundbreaking talk “there’s plenty of room at the bottom”.  In his talk, 
Feynman discusses the possibility of structuring and sculpting materials at the atomic 
level [1]. Today, nanotechnology refers to the research and technology development 
at scale lengths ranging from 1 nm to 1000 nm. Though Feynman’s speech was 
hypothetical at that time, it is believed to be the first landmark of science at the nano-
level. Since then, the field of nano-science has been busy fabricating, studying and 
using materials at the nano-level. The great interest in nanotechnology stems from the 
fascinating properties of materials at the nano-scale compared to macro-scale,[2-4] for 
example, quantum confinement observed in nanostructures. Current and emerging 
applications of nanostructures, such as for field effect-transistors,[5] biosensors,[6,7] 
field emission display,[8] optical and magnetic storage medium,[9] solar and energy 
harvesting, extend numerous fields of studies and disciplines. 
How do we make such small structures? The techniques used to generate 
nanoscale structures can commonly be categorized as “top-down” and “bottom-up” 
approaches.[10] The top-down approach uses various methods of lithography, such as 
photolithography and maskless lithography (e.g., electron beam (e-beam) and focused 
ion beam lithography), to pattern nanoscale structures on surfaces. Top-down 
approaches allow fabrication of precisely located nanostructures of fairly large 
surface areas, but are limited by the high capital and operating costs and the difficulty 
of accessing the facilities necessary to use them. In contrast, the bottom-up 
approaches use interactions between molecules or colloidal particles to assemble 
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discrete nanoscale structures in two and three dimensions.  They have the advantage 
of cheaper set-up and operating costs and ease of use, but cannot offer the accuracy in 




With greater development, understanding and ease of fabricating 
nanostructured surfaces, greater collaboration between physics, chemistry and biology 
has emerged. This new field of study focuses on the utilization of nanostructures in 
applications to improve human life. Two such examples are biomimicking and 
biomedical applications. 
The field of biomimicry seeks to use nature as a muse to artificially create 
functional surfaces. For example biomimicry of naturally occurring, highly water-
repellent, superhydrophobic surfaces such as the lotus leaves [11] has attracted much 
research interest for applications such as self-cleaning, antifogging surfaces, fluid 
drag reduction and for humidity control for electronic devices.[12] Biomedical 
applications aim to create functional devices for testing and analysis, and for better 
understanding of biological processes at the cellular and bio-chemical level. 
Nanoscale structures (e.g. nanowires) have a wide range of potential biomedical 
applications such as to study adhesivity and behavior of living cells on nanostructured 
surfaces [13] and for DNA/protein microarrays.[14] The adhesion between cells and 
nanopatterned surfaces are known to modulate critical cellular events such as gene 
expression,[15] embryonic development,[16] and cell locomotion.[17] Examples of 
potential applications include scaffolding for tissue engineering, and antifouling 
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surfaces for implants. Promising applications such as these provide the impetus for 
the phenomenal growth in biotechnology in recent years.  
For the practical applications mentioned above, there exists a crucial challenge, 
arising from the current lack of availability of inexpensive, large-surface-area 
nanofabricated substrates of appropriate dimensions and features. Such applications 
demand simplicity and cost-effectiveness of fabrication methods to produce wide-
surface-coverage nanostructured surfaces.  
 
1.3 Research Objectives 
This study aims to explore different and new techniques for the creation of 
silicon-based nanostructures. More importantly these methods need to be able to 
fabricate nanostructures over a large area and have a low manufacturing cost to seek 
its intended application for biomimicking and biomedical fields where nano-features 
have an implication on macro-scaled observations.  
This research is divided into three main areas. The first study focuses on the 
fabrication of the nanostructures. The second explores the application of these 
nanostructured surfaces for biomimicking applications. The third explores the 
nanostructures for biomedical applications. 
 
1.4 Organization of Thesis 
The organization of this thesis seeks to address the objectives set out for this 
research. Chapter 2 will cover the theoretical background and literature review on (i) 
the methods used for the preparation of Si nanostructures used for this work, (ii) 
biomimicking and its application for synthesizing superhydrophobic surfaces and (iii) 
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DNA microarrays and neuronal guidance on nanostructured surfaces. Chapter 3 
describes the experimental techniques used in this research work and the different 
structural characterization techniques employed in this study. 
Chapter 4 describes the first scheme of nanostructure fabrication adopting a 
bottom-up approach by glancing angle deposition (GLAD) of Au followed by metal-
assisted chemical etching (MACE) of Si in HF and H2O2 solution. During MACE, the 
Au nanoparticles synthesized during GLAD, acts a catalyst for the dissolution of Si in 
its vicinity.  This technique called GLAD-CE led to the synthesis of Si nanowire 
arrays. It was also observed that porous Si is formed on the nanowires as a result a 
secondary Si etching process on the nanowire surface during MACE. This chapter 
also discusses the structural characterization results of the GLAD-CE nanowires. The 
optical and vibrational properties of the Si nanostructures were studied by 
photoluminescence and Raman spectroscopy at three different excitation sources 
(UV, visible and near-infrared) and are correlated to their microstructures. The 
influences of various etching parameters are investigated. The effects of type of metal 
catalyst and H2O2 concentration is discussed in Chapter 4 while the influences of HF 
concentration and etching temperature are discussed in Appendix A.  
Chapter 5 describes the second scheme of nanostructure fabrication adopting a 
top-down methodology. This method marries, interference lithography (IL) with 
MACE. Through the use of IL, nanostructures with different cross sectional shapes, 
size, planar densities, ordering and aspect ratio were fabricated. In addition, this 
chapter demonstrates the fabrication of precisely located nanocones by exploiting and 
enhanced oxidation of porous Si formed on Si nanowires during the MACE process 
which is described in detail in Appendix B. 
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The next few chapters discuss the applications of the fabricated Si 
nanostructures for biomimicking (Chapter 6) and biomedical applications (Chapter 7). 
Chapter 6 describes the wetting properties of the nanostructures. The wetting 
properties of regularly ordered nanostructures synthesized by IL-CE is discussed in 
section 6.1. Next two different methods to fabricate superhydrophobic surfaces with 
tunable adhesion on the same substrate, synthesized by GLAD-CE will be discussed: 
by tuning nanowire stiffness, in section 6.2 and by exploiting different liquid medium 
in section 6.3. Both methods result in the demonstration of spatial patterning of both 
low- and high-adhesion superhydrophobicity on the same substrate by modulating the 
morphology of Si nanowire arrays. We were able to fabricate both lotus and petal like 
superhydrophobic domains on the same substrate. In addition we describe a simple 
drying process that exploits different degrees of capillary induced nanocohesion of 
nanowires, to fabricate stripes of high and low adhesion superhydrophobic regions. 
The demonstration of such surfaces on single substrates paves the way for future 
applications for microfluidic channels and substrates for biological and chemical 
based analysis and detection. Finally we conclude in section 6.4 with an application of 
such tunable superhydrophobic surfaces for the synthesis of hierarchical magnetic 
superstructures formed through self-assembly, based on intermixing of liquid 
droplets, which were immobilized on the hybrid superhydrophobic surfaces. 
Chapter 7 explores the biomedical-based applications of nanostructures 
fabricated by GLAD-CE and IL-CE. In section 7.1, we explore the applications of the 
nanostructures in DNA/protein microarrays. The superiority of the GLAD-CE 
nanowires for detection leads to the development of the GLAD-CE DNA microarray 
chip. This work is currently ongoing for the detection of proteins. In section 7.2, we 
investigate the application of IL-CE nanostructured surfaces for modulation of 
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cellular behavior under the influence of topological cues. Though the neurite 
extension of Neuro2A cells (a type of neuron cell) on the oxidized nanopillars and 
nanofins was found to occur in random directions, the neurites were found to orientate 
in parallel directions on the oxidized nanogrooved surfaces. More work is currently 
being done to understand the reasons behind guided neuronal differentiations on such 
cells. Finally, Chapter 8 summarizes the accomplishments of this project and provides 
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CHAPTER 2 Literature Review 
2.1 Introduction 
This chapter reviews the published data of the various topics covered in this 
research work. It begins with an introduction to metal-assisted chemical etching, 
followed by glancing angle deposition and interference lithography. The second half 
of this chapter introduces biomimicking, superhydrophobicity and the theory behind 
surface wettability. This is followed by a review of microarrays and neuronal 
guidance, which are two biomedical applications the nanostructures synthesized in 
this work are used for.  
 
2.2 Metal-Assisted Chemical Etching 
Metal-assisted chemical etching (MACE) of silicon (Si) has attracted 
substantial attention of researchers across various fields from engineering, physics 
and chemistry in recent years due to its simplicity in fabricating Si nanostructures of 
varying dimensions, aspect ratio and properties for numerous applications from 
electronics,[1] optoelectonics,[2] solar energy conversion,[3] energy storage,[4] 
thermal power energy conversion[5] to chemical and biological sensors[6-8] and 
biomimetic superhydrophobic surfaces[9] to possible integration into lab-on-a-chip 
devices.[10] 
The first review paper on metal-assisted chemical etching by Huang et al.,[11] 
presents an overview on this etching process. It highlights the various models used to 
describe the etching process as well as raises some open questions, for example, the 
need for a systematic study on the influence of etching parameters such as type and 
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morphology of noble metal catalyst, which demonstrates a need to better understand 
this etching phenomenon.[11]  
MACE refers to the etching of semiconductors (such as Si, SiGe[12] and 
GaAs[13]) in an oxidizing HF solution in the presence of a metal catalyst. Thus far, 
oxidizing agents such as H2O2,[14] KMnO4,[15] Fe(NO3)3[16] and metal catalysts 
such as Au,[17,18] Ag,[18-20] and Pt[18,21]  have been successfully used in MACE.  
Li and Bohn proposed [22] that during MACE, the reactions at the anode (Si) and 
cathode (metal) sites are: 
Reaction at metal (cathode): 
   H2O2 + 2H+ → 2H2O + 2h+ and 2H+ → 2h+ + H2↑   (2.1)     
Reaction of Si etching (anode):  
Si + 4h+ + 4HF → SiF4 + 4H+  and SiF4 + 2HF  → H2SiF6  (2.2)           
Overall equation: 
Si+ H2O2 + 6HF → 2H2O + H2SiF6 + H2↑          (2.3) 
The etching may occur as a localized electrochemical process with the 
nanometer sized metal acting as a local cathode.[23] The anode (Si) and cathode 
(metal) sites form on the etched surface with the local cell currents flowing between 
the sites during etching. The essence of this model is the generation of holes (h+) from 
H2O2 and the reduction of H+ (from HF) to form H2, both of which are facilitated by 
the metal catalyst. Therefore, during MACE, holes are injected into silicon through 
the metal/silicon interface and the holes are attracted near the catalyst due to the 
electrostatic force induced by them and cause the etching of silicon underneath the 
catalyst.  
Another common MACE process is the AgNO3 and HF system where the 
reduction of Ag+ facilitates the etching of Si as follows: 
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Reaction for Ag+ reduction (cathode): 
Ag+ + e- → Ag  (2.4)                
Reaction for Si etching (anode): 
Si + 6F- → SiF62- + 4e-  (2.5)               
This model considers the immersing of Si in AgNO3-HF solution generates an 
electrochemical cell due to the more positive electrochemical potential of Ag+/Ag to 
the Fermi energy of Si.[24] This results in charge transfer at the Si-Ag interface. The 
oxidant (Ag+) is reduced on the Si surface. This causes electron transfer from Si 
surface to the oxidant, which leads to the oxidation of Si. The oxidized Si would then 
be etched away by HF, accompanied with the sinking of Ag nanoparticle that creates 
a nanopore. The collective sinking of a high density of Ag nanoparticles in close 
proximity to each other results in the overlapping of nanopores that result in 
freestanding Si nanowire arrays. Further Ag+ reduction to Ag forms more Ag 
nanoparticles that grow into Ag dendrites. Note that in the electroless metal 
deposition (EMD) process, Ag+ reduction requires the presence of Si and HF while Si 
etching requires the presence of Ag and HF. Hence, both Si etching and Ag+ 
reduction compete for HF even though Si etching requires Ag+ reduction, and 
therefore the relationship between Ag+, Si and HF is complicated.  
The morphology of the resultant Si surface depends on the morphology of the 
metal catalyst and the concentration of the etching solution: For example, Tsujino et 
al.[23] showed that isolated nanoparticles on Si resulted in the formation of nanopores 
on the Si surface. In addition, they found the formation of the generation of the 
nanoporous silicon layer at the silicon surface when samples were treated in solutions 
containing H2O2 at high concentrations. Also, the morphology of the nanopore was 
observed to depend on the type of metal catalyst. Pt nanoparticles resulted in a larger 
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opening at the top compared to Au and Ag nanoparticles.[18] The dependence on 
morphology indicates that different metals have different catalytic activity during 
MACE. 
In addition, a dense interconnected network of nanoparticles results in the 
formation of isolated non-ordered Si nanowire and nano-wall arrays.[12,25] Structural 
characterization of Si nanowires by MACE by TEM imaging has revealed that the 
nanowires fabricated are single crystalline and are aligned in [100] for (100) Si 
wafers.[11] It was observed that the nanowire surface at the top had a thicker oxide 
layer compared to the base of the nanowire. This was attributed to a roughening of the 
nanowire surface during the etching process. The nanowires fabricated have been 
found to exhibit photoluminescence.[26,27] Both studies revealed peak position near 
~700 nm and are attributed to oxide defects and quantum confinement respectively. 
While the nanowires fabricated by Toda et al. were single crystalline,[26] those 
fabricated by Hochbaum were mesoporous in nature. The mesoporous nanowires 
were attributed to the high doping of the substrate.[27] Both studies however 
fabricated the nanowires in AgNO3-HF solutions and not H2O2-HF solutions. There is 
therefore a lack in understanding the optical properties of nanowires etched in H2O2-
HF solutions.  
Formation of ordered Si nanowire arrays can be achieved by templating thin 
metal films prior to a MACE process HF and H2O2.[28] Huang et al. demonstrated the 
use of nanosphere lithography and MACE with Ag as metal catalyst to fabricate 
ordered Si nanowire arrays. The hexagonally packed nanospheres acts as a mask 
during Ag evaporation process. The Si underneath the spheres remained as 
freestanding nanowires while the 20 nm templated Ag film sinks into the Si substrate 




2.3 Glancing Angle Deposition 
Glancing angle deposition (GLAD), also known as oblique angle deposition is 
a physical vapor deposition process that capitalizes on atomic shadowing for the 
creation of columnar thin films. Instead of the incoming atomic flux arriving 
perpendicularly to a surface, in GLAD, the substrates are positioned such that the 
incident atomic flux arrives on the substrate at non-normal angles (i.e. oblique 
angles).[29] Figure 2.1 schematically illustrate a GLAD set-up. The GLAD process 
exploits very large oblique angles (α > 80°) to achieve isolated columnar film 
morphologies. By controlling the substrate rotation rate ϕ, and the direction of the 
substrate angle, α, the morphology of the film can be controlled.  
 
 
Figure 2.1: Schematic diagram of a GLAD evaporator set up. Film engineering is 




Without any substrate rotation, i.e. on stationary substrates, the film grows in 
the direction of the incoming flux. The direction of growth with respect to the oblique 
angle α, β, is given by 
    ! = ! − !!"#!!(!!!"#!! ) (2.6) 
and is schematically shown in Figure 2.2.[30] The morphology of the film depends on 




Figure 2.2: Schematic diagram illustrating the relationship between direction of 
columnar growth to flux arrival angle. 
 
The directional columnar growth is a result of atomic shadowing.[29] The 
principle of atomic shadowing is schematically illustrated in Figure 2.3. Directional 
columnar growth is a result of atomic shadowing that occurs on the substrate during 
GLAD. During the initial stages of the deposition process, adatoms condense onto the 
substrate and form individual separated islands or nuclei.[29] At oblique arrival 
angles, these nuclei geometrically shadow over regions of the substrate preventing the 
nuclei to coalesce into a continuous thin film. As deposition continues, adatoms get 
deposited on the nuclei, which results in nuclei growth and enhances the shadowing 
effect on the neighboring regions. This results in the formation of columns growing in 
the direction of the substrate at an angle β with respect to the substrate tilt angle α. 
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The formation of such structures requires low adatom mobility and a directional vapor 
source.  
 
Figure 2.3: Schematic diagram illustrating atomic shadowing. In the initial 
stages of GLAD, (a) adatoms condense and form nuclei, which results in 
geometrical shadowing. (b) The resulting film is made up of columns that grow 
off the nuclei and grow in the direction of the incoming flux. !
Substrate rotation allows greater control over the morphology of the film. By 
controlling the speed of rotation, chevron, helical and post like structures can be 
synthesized. Chevron structures are obtained by changing the rotation rate (rpm), ϕ by 
180° at constant α, helical film is obtained by continually increasing ϕ at a slow rate 
to allow column growth to trace substrate rotation. As substrate rotation rate 
increases, vertical post are obtained with high ϕ as column growth is unable to track 
substrate rotation. At this condition, the net deposition flux is resolved vertically. 
The ability to control the morphology of the deposited film has allowed this 
bottom-up fabrication method to be used for numerous applications for field emitters, 
solar cells, sensors, photonic bandgap crystals, magnetic storage and chromatography 
based microfluidics devices.[29] 
 
2.4 Interference Lithography 
 Among the various lithography techniques available, interference lithography 
(IL) offer a good match to the needs of creating a patterned array of nanometer scaled 
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features, over a large area and with relatively low cost. Interference lithography 
allows high density and periodic structures to be patterned over a large area for a short 
exposure time with relatively simple equipment setup. 
 The principle of interference lithography is based on the interference of 
coherent light that forms a standing wave pattern, which can be recorded in photo-
resist. For interference of two laser beams, the standing wave forms a grating pattern. 
The period (P) of the standing wave, given in equation 2.7, is dependent on the 
wavelength of the light (λ) and the half-angle at which the two beams intersect (θ).[31]  
       (2.7) 
 The Interference lithography set-up is schematically shown in Figure 2.4.[32] 
Through additional exposures, or the interference of more than two laser beams, a 
wide variety of other periodic structures can be obtained. Two-beam interference is 
the most common because of its simplicity, and all applications described in this 
thesis will be based on the two-beam interference. The main limitation of interference 











 In addition to the primary standing wave formed in the plane of the substrate, 
a second standing wave forms perpendicular to the substrate. This standing wave is 
formed by interference between the vertical components of the incident light and light 
reflected from the boundary between the resist and the layer underneath. This causes 
the creation of an interference pattern in the vertical direction. The standing wave in 
the vertical direction induces a zigzag pattern in the photo-resist.[34]The period of the 
vertical standing wave is determined by the same factors that govern the period of the 
grating: the wavelength of the light and the angle of interference. In this case, the 
refractive index (n) of the photo-resist also plays a role in determining the period of 
this standing wave. The period (Pvertical) of this pattern is given by:[35] 
    (2.8)  
 Two-dimensional (2D) grid patterns are readily generated by rotating the 
substrate 90° after the first exposure, and performing a second exposure. Assuming 
equal exposure times for the two exposures, the incident dose distribution is the 
superposition of two perpendicular sinusoidal standing waves, which can be 
expressed as:[36] 
    (2.9) 
where A is the peak dose in each standing wave, and p the period of the interference 
pattern.  !
 The peaks correspond to the superposition of the maxima of the perpendicular 
X and Y sinusoids, the minima correspond to the superposition of two minima, and 
the saddle points separate consecutive maxima and minima. By assuming the incident 
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dosage is A, and at the minima is 0. When imaging 2D structures, such as arrays of 
holes or arrays of posts in photo-resist, one can choose to define these features either 
at the minima or the maxima, depending on the polarity of the resist used.[36]  
 Interference lithography can be used for patterning at spacings as small as 100 
nm,[33] and it will be possible to produce diperiodic structures with further reduced 
spacings in the future.[37] While periodic structures can be easily made over a very 
large area of ~1cm2, techniques have been developed in making use of interference 




Biomimicking essentially means mimicking Nature. This field of study seeks 
to explore what nature has perfected through evolution as a source of inspiration for 
the development of novel functional materials.[39] Some examples include the 
fabrication of bio-inorganic materials, inspired by biomineralization,[40] the 
fabrication of dry adhesives, inspired by the gecko’s foot [41] and the most common 
example of biomimicking, the fabrication of self cleaning surfaces inspired by the 
superhydrophobic lotus leaf.[42] Researches have found that these functional surfaces 
in nature have one thing in common; the surfaces are made up of micro and nano 
scaled features. The hierarchical structures are responsible for the unique attributes of 
these surfaces. As this work focuses on the utilization of nanostructures for 




2.5.1 Superhydrophobic Surfaces  
Nature presents us with at least two types of superhydrophobic, highly water-
repellant surfaces: low-adhesion superhydrophobic surfaces, as observed in lotus 
leaves (“lotus effect”)[43,44] and high-adhesion superhydrophobic surfaces as 
observed in the petals of the red rose (rosea Rehd) and Rosa Hybrid Tea, cv. Bairage 
[45-48] (“petal effect”), where water drops get pinned to the petal surface. By 
definition, a superhydrophobic surface exhibits water contact angles (CA) of > 
150°.[47] The water repellency of these surfaces are measured by the ability of water 
droplets to roll off or get pinned on these surfaces. Both surfaces were found to have 
micron-scaled papillae. While the lotus leaf has nanoscaled hairs on each papilla, 
those of the rose petal were observed to have nanoscaled cuticular folds. It is believed 
that the wavy surface of the lotus leaf (low energy surface) and the finer nanoscaled 
hairs result in the low-adhesion of water on the lotus leaf while the non–waxy surface 
of the petal is responsible for the high adhesion on this surface. In both cases, 
hierarchical structures are required to achieve high contact angles.  
Such fascinating wetting and adhesion properties have sparked much research, 
and have been attributed to a combination of the chemical nature of the surface (low 
energy surface) and hierarchical, nano- and micro-scale surface topography.[49] 
Recently, much effort has been directed at artificially replicating such biomimetic 
surfaces for applications such as self-cleaning and anti-fog surfaces, fluid drag 
reduction and humidity control for electronic devices.[49] 
The most common method to fabricating a superhydrophobic surface is firstly 
to increase the surface roughness of a given substrate and secondly to reduce the 
surface energy by coating the surface with a material of low surface energy, such as 
an organosilane.[49] The majority of artificially fabricated superhydrophobic surfaces 
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on Si or quartz substrates, typically requires (i) a lithography process for the 
patterning of ordered micro- &/or nanostructures (ii) &/or an etching process (such as 
RIE) or (iii) a deposition or growth process (such as the deposition of silica 
nanoparticles or growth of carbon nanotubes) to achieve the required surface 
roughness, followed by a silanization process.[47,49] Recently there has been 
growing interest in the fabrication of switchable superhydrophobic surface. These 
works seek to fabricate surfaces that can change their wetting properties, for example 
the ability to become hydrophilic or superhydrophobic upon exposure to UV 
irradiation or heat.[47]  
Until now, a method to fabricate superhydrophobic surfaces with tunable 
adhesion, on a single substrate had proved to be difficult. This was primarily due to 
the different and independent fabrication techniques required to generate a petal-like 
and lotus-like surface.[50,51] The ability to fabricate a superhydrophobic surface, 
engineered with both sticking and roll-off characteristics is important for applications 
such as lab-on-chip, microfluidic devices and as platforms for biological and chemical 
detection such as the rapid analysis of complex bioactivities.[52,53] The ability to 
selectively position and pin small spherical drops of liquids, aids in biological and 
chemical based spectroscopy, analysis and detection. It is also an excellent platform 
for the study of interfacial chemical and biological reactions between liquid drops due 
to the minimal interaction of the droplets with the underlying substrate. [54,55] In this 
study, we will present two schemes to demonstrate the fabrication of tunable 






The wettability of a flat surface, is measured by its contact angle (CA) and is 
expressed by Young’s equation as: 
    !"#$ = ! !!"!!!!"!!"    (2.10) 
where γsv, γsl and γlv refer to interfacial surface tensions with s, l and v referring to 
solid, liquid and vapor respectively.[56] Young’s angle is a result of thermal 
equilibrium of free energy at the solid-liquid-vapor interface.  
CA is a measure of the underlying surface wetting properties. A surface with 
CA < 90° is defined as hydrophilic, CA > 90° is hydrophobic. CA of flat surfaces is 
given by Young’s angle. Apparent CA ≥ 150° is defined as superhydrophobic. Such 
surfaces typically contain micro and nano-scaled roughness and the apparent contact 
angle refers to a macroscopic wetting phenomenon, which might different from the 
local wetting of the structures. For non-homogenous substrates, wettability is 
typically defined by Wenzel’s equation.[56,57] Wenzel’s theory assumes that the 
liquid follows the roughness of the surface. Figure 2.5(a) schematically illustrates the 
surface wetting in Wenzel’s model. At equilibrium, the apparent CA and the 
roughness of the surface is related to the Young’s angle by: 
    !"#!! = !!!"#!!    (2.11) 
where θw is the apparent CA and r is the surface roughness factor. The surface 
roughness factor, r, is defined as the actual surface area divided by the projected area. 
Therefore for a rough surface, r > 1.  Based on equation 2.11, for a hydrophobic 
surface, θw > θ > 90 °, while for a hydrophilic substrate, θw < θ < 90°. This means that 
the underlying surface roughness enhances the wetting properties of the surface, 
meaning that surface roughness makes a hydrophilic surface more hydrophilic and a 
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hydrophobic surface more hydrophobic. When r is greater than 1.7, the apparent CA 
does not seem to follow Wenzel’s theory.[56] At this stage, the surface is said to be in 
Cassie-state.[54,56] In the Cassie regime, the water droplet no longer impregnates the 
surface but instead is suspended between the structures on air pockets. Figure 2.5(b) 
schematically illustrates the surface wetting in the Cassie state. Due to the suspension 
of the water droplet on the composite surface (or solid and air), the apparent CA is 
described as the sum of all contributions of the different phases as follows: 
   cos!! = !!! cos!! + !!!!!"#!!   (2.12) 
where θc is the apparent CA, f1 and f2 are the surface fraction of phase 1 and 2 and θ1 
and θ2 are the Young’s angle of phase 1 and phase 2 respectively. For a composite 
surface consisting of solid and air, θ2 = 180° for a droplet in air and f2 = 1-f1, equation 
2.12 becomes: 
    cos!! = !(1+ cos!)− 1   (2.13) 
Where f1 = f, refers to the fractional surface area due to the solid surface, i.e solid 
fraction and θ1 = θ, refers to the Young’s angle on the solid surface. Therefore, to 
obtain a high CA, the solid fraction of the surface must be as small as possible. Also 
the surface needs to have a high Young’s angle (i.e. a hydrophobic surface). 
 





Although the CA is measure of the how hydrophobic a surface is, it does not 
measure the ability of a liquid droplet to roll off or “stick” to the surface. This is 
measured by the CA hysteresis.[47, 56] Typically, the CA hysteresis is defined as the 
difference between advancing and receding CAs. The advancing CA is defined as the 
CA just before the contact line of the droplet jumps when more water is dispensed to 
the droplet. Similarly, the receding CA is defined as the CA just before the contact 
line of the droplet jumps as water is being withdrawn from the droplet. The CA 
hysteresis is influenced by surface structure, chemical make up of the surface and the 
triple point contact line. A larger CA hysteresis indicates a higher adhesion of the 
liquid droplet to the surface while a low CA hysteresis indicates low adhesion. 
Surfaces with negligible CA hysteresis, (~5° or less) typically exhibits roll-off 
characteristics. The roll-off of liquid droplets is necessary for self-cleaning surfaces as 
the rolling motion helps pick up dust particles on the surfaces instead of the sliding 





Figure 2.6: Slipping of water droplet on a surface with dust particles in (a) while 
in (b) the rolling of the water droplet helps pick up dust particles; i.e. self-
cleaning effect. !
2.6 Biomedical Applications 
Advances in microelectronics in miniaturization have opened up an avenue for 
greater collaboration between chemistry, biology and engineering. The motivation 
behind this collaboration is to exploit miniaturization for cheaper, better and faster 
analysis.[59] Microelectronic lab-on-chip solutions offer the said promises. These 
devices are not limited to only passive microarrays but typically include some form of 
analytical and detection capabilities.[59] Such systems can be broadly divided into 
two categories, namely molecular analysis such as for DNA detection and cellular 
based analysis.[59] Due to the statistical nature of biological studies, large number of 
test sites are required. Miniaturization leads to parallelism, which allows multiple 
testing and analysis to be performed simultaneously. In addition, shrinking dimension 
of test sites, results in reduced reagent consumption. Miniaturization and parallelism 
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also improve speed and throughput.[59] For example, smaller test sites require 
smaller volumes which require shorter heating and cooling cycles.[59] 
The nanostructures fabricated in this work will be explored for both molecular 
and cellular based studies. We limit our focus to Si based substrates due to the main 
advantages which Si based platforms offer such as, (i) on-chip active circuits, 
whereby biosensors can be integrated with conventional CMOS devices to 
incorporate advanced post processing capabilities, (ii) ability to integrate embedded 
sensors such as optical sensors, and actuators together with biosensors and (iii) the 




2.6.1 DNA and Protein Microarrays 
DNA microarrays and recently, protein microarrays have garnered significant 
attention in biological research over recent years. Such a microarray houses multiple 
probe sites (ranging from hundreds to thousands) that allow molecular recognition of 
a complementary molecule of interest.[59-62] 
A DNA microarray works on the principle of detecting a particular DNA 
strand (target) by immobilizing it onto the substrate surface.  A sense DNA (DNA 
probe) is a complementary DNA strand that hybridizes with the target DNA resulting 
in the detection of the target strand. Typically, a signal is then detected by 
fluorescence.[59-62] Figure 2.7 schematically illustrates the working principle of a 
probe site.  
 
Figure 2.7: Schematic diagram illustrating the hybridization of a target strand to 
its complementary DNA sense strand (DNA probe). !
A conventional microarray is typically made by printing nanolitre size 
droplets of the target strand on a glass slide before utilization. Though it allows many 
housing sites per substrate, the signal intensity from hybridization is usually weak as 
the intensity from fluorescence depends on the number of detected target strands 
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which directly depends on the number of sense strand attached to the substrate.[61] 
This has motivated researchers to explore the use of nanostructured surfaces to 
increase the number of sense strand DNA per site.[62,63] For example, Oillic et al. 
utilized oxidized Si nanoparticles to increase the capture yield while optimizing the 
thickness of the oxide layer to increase the fluorescence intensity. [63] 
Recently, Murthy et al. used deep-UV lithography and reactive ion etching 
techniques to create ordered, nanopillar arrays on the surface of Si chips to enhance 
the signal intensity in DNA microarrays, as shown in Figure 2.8 [62]. Such nanopillar 
arrays exhibited increased probe immobilization capacity, enhanced target 
accessibility and reduced background noise, leading to improved signal-to-noise ratio, 
sensitivity and specificity in DNA microarrays. In addition, recently Li et al. have 
demonstrated protein micorarrays on porous Si surfaces fabricated by metal-assisted 
catalytic etching of Pt film on Si in EtOH, H2O2 and HF.[64]  They demonstrated the 
ability to improve the detection of proteins by utilizing a roughened Si surface, which 
they attributed to the increase in surface area that the roughed Si surface presented. 
The success of any protein array depends on its sensitivity and specificity in 
detecting target protein analytes. Unlike DNA microarrays, protein microarrays 
generally suffer from low signal-to-noise ratio as a result of low target protein 
concentration and high background in commonly used fluorescence methods. To date, 
the vast majority of protein arrays are generated by direct coupling or DNA directed 
immobilization of analyte specific reagents (ASR), e.g. antibodies, onto support 
surface. The performances of such arrays are compromised by undesirable antibody-
surface interaction and inefficient interfacial capturing of soluble protein targets.[65] 
An alternative array design that enabled ASR-analyte interaction in a homogeneous 
solution followed by the DNA directed assembly of the antibody-antigen complex 
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onto a spotted DNA array for detection has been recently proposed.[66,67] These 
arrays were shown to specifically detect target proteins in Pico molar range without 
amplification, making such approach a promising strategy that allows high-sensitivity 
analyte detection while circumventing many formidable challenges in current protein 
microarray platforms. In addition, the performances of protein arrays may be further 
improved by rational engineering of the support surface to increase the loading 
capacity of antibody-antigen complex while reducing background noises.  
 
2.6.2 Neuronal Guidance on Nanostructured Substrates 
Over the last decade, there have been widespread and intense research 
interests in how cells behave on nanoscale structures or surfaces, as different cell-
types are known to respond to the various chemical and geometrical cues at 
nanometer length scales in ways that are fundamentally different from what is 
observed on flat, featureless substrates. However, the basic processes by which cells 
recognize nanostructures is unclear and the issue is keenly debated.[68,69] As a 
result, controllable, cost-effective methods for fabricating (on a large scale) spatially 
precise, large-surface-area nanostructures with desirable dimensions and features are 
desirable. Moreover, on the practical side, nanoscale structures (e.g. nanopillars) or 
surfaces have a wide range of potential biomedical applications that are inspired by 
the altered adhesivity and behavior of living cells on nanopatterned surfaces. The 
adhesion between cells and nanopatterned surfaces are known to modulate critical 
cellular events such as gene expression,[70] embryonic development,[71] and cell 
locomotion,[72] to name a few. Examples of potential applications include scaffolding 
for tissue engineering, designer bandages for wound dressing, and antifouling 
surfaces for implants. 
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There have been attempts to use processes developed for the fabrication of 
microelectronics devices to generate structures for studies of neuronal growths. Kapur 
et al.[73] had designed a method that produced polymer structures with precisely 
defined micrometer-scale surface texture for biomedical studies. These studies seek to 
better understand cellular behavior in response to topographical cues of the substrate 
similar to how in vivo, cells respond to extracellular matrix (ECM) which are 
essentially scaffolding that immobilize cells and tissue in living things.[74] ECM is 
not planar but consists of nanotextures and micro-features that influence cell shape. 
Such studies require the development of nanostructured substrates to study the in vitro 
cellular behavior in response to the environment.[74]  
Johansson et al.[75] performed axonal outgrowth study on nanoimprinted 
nanogroove or nanoridge patterns on polymethylmethacrylate (PMMA)-covered 
silicon chips fabricated by nanoimprinting with a Si master patterned by e-beam 
lithography. It was found that axonal growths can be guided by the imprinted 
nanogrooves and nanoridges, and that the axons seem to lie on ridges rather than in 
grooves.  
However, one of the key limitations in Johansson’s study is the dimension of 
the PMMA-covered silicon chip (200 µm x 200 µm), which is considerably smaller 
than the size of a critical-size (>1 cm) peripheral nerve defect.[75] This severely 
limits the usefulness of such substrate in understanding neurite extension and 
guidance over large nerve gap (>1cm) typically seen in injuries to human peripheral 





In summary, we have explained the theory behind three key fabrication 
techniques used in this chapter, (i) metal-assisted chemical etching, (ii) glancing angle 
deposition and (iii) interference lithography. In addition, this chapter has described 
the motivation of biomimicry, which uses nature as a source of inspiration for the 
fabrication of functional surfaces. Mimicking, the superhydrophobic surface of the 
lotus leaf for example, for the fabrication of self-cleaning surfaces, is described. This 
was followed by theory to surface wetting. The chapter ends with an introduction to 
microarrays and the motivation and application of nanostructures for neuronal 
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CHAPTER 3 Experimental Details 
3.1 Introduction 
This chapter describes the experimental set up, fabrication processes and 
sample characterization techniques used in this project. It begins with a description of 
the wafer cleaning process. This is followed by a description of the processes utilized 
in interference lithography. Next, experimental details of the various processes used 
in GLAD and MACE will be discussed. Finally, a description of the various structural 
and material characterization techniques used in this work will be discussed. These 
include scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), Raman and photoluminescence spectroscopy. 
3.2 Wafer Cleaning 
Two-inch n-type silicon wafers were used as substrates in this work.  The 
wafers were of <100> orientation and had a resistivity of 8 – 12 Ωcm unless 
otherwise stated. In order to eliminate the samples from possible contaminations 
before use, the wafers were cleaned by RCA I and RCA II processes by immersing 
cassettes of 8-10 wafers into the solutions, and heating them at 80 – 90 °C for 12 min 
in each solution. The exact procedure will be outlined below. 
Before use, the wafers were first cleaned with RCA I solution. The purpose of 
an RCA I process is to oxidize organic films and complexes of Group I and II metals 
including metals, such as Au, Ag, Cu, Ni, Zn, Cd, Co and Cr [1]. This solution is a 
high pH solution consisting of hydrogen peroxide (H2O2), ammonium hydroxide 
(NH4OH) and de-ionized (DI) water in the proportion of 1:1:5 by volume. It was then 
heated to 80 – 90 °C before the wafers were immersed in the solution for 15 min. The 
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wafers were then rinsed in DI water with nitrogen (N2) bubbler for another 10 – 15 
min. The RCA I solution slowly dissolves the thin native oxide layer on Si and 
continuously grows a new oxide layer by re-oxidation. This combination of etching 
and re-oxidation helps to dislodge particles from the wafer surface [1]. 
Next, the wafers undergo an RCA II cleaning process. This solution facilitates 
the removal of alkali ions and cations (ionic and heavy metal atomic contaminants) 
like Fe3+, Al3+, and Mg2+ which form insoluble hydroxides in basic solutions of RCA 
I [1]. It serves to remove the ionic and heavy metal contaminants on the wafer.  RCA 
II is a low pH solution consisting of hydrochloric acid (HCl), H2O2 and DI water in 
the proportion of 1:1:6 by volume. The RCA II solution was then heated to 80 – 90°C 
before the wafers were immersed in the solution for 15 min. The wafers were then 
rinsed with DI water with nitrogen (N2) bubbler for another 10 – 15 min. 
After having gone through both RCA cleaning processes, the Si surfaces are 
left with a thin layer of oxide of ~ 2 nm thickness due to the strong oxidizing 
properties of hydrogen peroxide. In addition, a Si wafer that is exposed to ambient 
oxygen in air at room temperature goes through a slow oxidation process. Such 
natives oxides can grow up to ~ 1 nm in thickness. To remove this layer of oxide prior 
to any further processing, the wafers were immersed in a 10% hydrofluoric acid (HF) 
for 60 sec.  
HF was used as the etchant as it provides the required selectivity in this wet 
etching process. HF provides fluorine that is required to etch SiO2 by the following 
overall reaction given by: 
  4F (aq) + SiO2 (s)   SiF4 (g) + O2 (g) (3.1)    
After immersion in HF, the wafers were immersed in DI water with a nitrogen 




dry using nitrogen gas from a nitrogen gun and were now ready to undergo further 
processing. 
 
3.3 Thermal Oxidation 
In this work, the thermal oxide was grown using pure oxygen at 900 °C. Dry 
oxidation was used instead of wet oxidation as it produces a more uniform and denser 
thermal oxide.[1] Figure 3.1 depicts the thermal oxidation system. Several key 
features have to be noted. All wafers to be thermally oxidized were placed into the 
quartz carrier or “boat” simultaneously. This ensured that the thickness of the oxide 
would be almost the same, which is necessary for the subsequent etching process. To 
further ensure the uniformity of the oxide, two dummy wafers were placed at either 
side of the “boat”, as shown in Figure 3.1. This was to ensure that the O2 flux 
reaching the surface of the wafers would be comparable, as the oxidation growth 
kinetics could be modeled in the reaction rate controlled regime. Measurement of the 
thickness of the thermally grown oxide using an ellipsometer revealed that the oxide 




Figure 3.1: Schematic representation of a thermal oxidation furnace used in this 
work. !
The wafers are loaded onto a quartz carrier. The carrier is then moved into the 
furnace by an automated loading system. The furnace itself is divided into three zones 
for temperature control. The outer zones are designed to compensate heat loss out to 
the ends of the tube, so that a long central section with uniform temperature can be 
maintained.[1] In order to minimize the large thermal gradients across the wafers, the 
wafers are loaded into the furnace at a moderate “boat” speed. This is to minimize 
thermal stress on the wafers. 
 
3.4 Spin Coating 
Ultra-I 123 (positive resist) was used in this study. It was coated onto the 
substrate via a spin coater. Prior to the spinning process, a few droplets of photo-resist 
were applied to the surface of the silicon until it was sufficient to cover the entire 







The spin coating is a two-step process. The first step consists of a 6 sec 
spinning interval at 3000 rpm to ensure the deposited photo-resist spreads out 
uniformly over the entire surface of the sample. The second step consists of a 50 sec 
spin coating at 6000 rpm, and this step determines the final thickness of the spin-
coated photo-resist. In this study, the resist thickness was calibrated by using a step 
profiler to ensure the consistency in the thickness of the resist layer. 
A soft-bake process for 90 sec at 100 °C (on a hot plate) is performed 
immediately after spin coating. The soft bake process evaporates off excess solvent 
within the photo-resist while also improving the adhesion of photo-resist to the 
sample. 
 
3.5 Interference Lithography  
Interference lithography [2] was used to define the pattern on the resist layer 
as this technique can easily cover a large area of the substrate within a short period of 
time. This was carried out by using the Lloyd’s mirror setup with a 325 nm helium-
cadmium (He-Cd) continuous wave laser as the light source. The He-Cd laser offers a 
long coherence length at a mid UV wavelength. IL is a mask-less process as it is 
based on the principle of constructive and destructive interference of light, which 
produces the periodic fringes. Figure 2.4 shows schematically the experimental setup 
for the Lloyd’s mirror interferometer used in this work.  
The laser beam was directed to the spatial filter, which allows noise to be 
removed from the beam to provide a clean Gaussian profile. After the spatial filter, 
the beam is allowed to expand over a length of approximately 1 meter. As a Gaussian 
beam expands, it changes in three ways. The intensity of the beam decreases, the 
diameter of the beam increases, and the radius of the phase front increases. Lowering 
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the intensity leads to increased exposure time, but this is not causing any issues due to 
the inherent stability of the system. Because of the Gaussian intensity profile, 
increasing the beam diameter means that the intensity will be more uniform over the 
exposed area.  
Finally, the increase in radius of the beam diameter means that the beam more 
closely approximates a plane wave over the exposure area. An aluminium square 
mirror is used to reflect the beam to the substrate because of its enhanced UV 
reflectivity compared to other metals, and for its essentially constant reflectivity over 
a broad range of angles. Though a higher reflectivity can be obtained with a dielectric 
mirror, the variation in the reflectivity with angle can be significant. The intersection 
point of the mirror and wafer is aligned with the axis of a rotation stage, and this 
allows for easy variation of the gratings’ spatial period. Because the center of the 
mirror/substrate assembly remains on the optical axis, further alignment of the optics 
is unnecessary. This feature is a distinct advantage over the Mach-Zehnder style 
system, where changing the period requires physically moving and re-aligning the 
two arms of the interferometer. 
3.6 Resist Development 
A development process removes the unexposed photoresist after exposure. 
Microposit MF CD-26 developer was used to remove the Ultrai 123 resist. The 
samples were immersed in the developer for 60 s before rinsing in DI water and dried 





Lift-off is performed in order to transfer a pattern on the resist layer to an 
underlying layer of metal or SiO2 thin film. After the patterning was done on the 
photo-resist by using optical lithography, a layer of thin metal film was evaporated on 
the top of the patterned photo-resist. Lift-off was then performed by using acetone at 
room temperature with the help of ultrasonic agitation. A negative image of the resist 
can be transferred to the metal film by using this method. Figure 3.2 schematically 
illustrate the lift-off process. 
 
 
Figure 3.2: Schematic diagram illustrating a lift-off process. !
3.8 Thermal Evaporation 
In the thermal evaporation process, the desired material to be deposited is 
heated until it melts and evaporates by means of an electrical current passing through 
a filament or metal plate where the material is placed. The evaporated material is then 
condensed on the substrate. This technique is simple and appropriate for depositing 
metals and some compounds with low melting temperature (Al, Ag, and Au etc.). 
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Typical metals used as heating resistance are tantalum (Ta), Molybdenum 
(Mo) and tungsten (W), with vapor pressure practically zero at the evaporation 
temperature (1000 ~ 2000 °C). A schematic of the deposition equipment used in the 
laboratory is shown in Figure 3.3. 
 
 
Figure 3.3: Schematic diagram of a thermal evaporator set-up. 
 
3.9 Glancing Angle Deposition 
The working principle in a glancing angle deposition (GLAD) process is very 
similar to a the thermal evaporation process mentioned earlier except for one key 
difference which is the position and angle of the sample. [3] While in a conventional 
evaporation process, the samples are placed perpendicular to the direction of 
incoming adatoms, in a GLAD process the substrate is placed at an oblique angle. 
Figure 2.1 schematically illustrates the GLAD set up. In addition, the sample holder 
in the set up used in this work is attached to a motor which allows substrate rotation. 
The angle of inclination is denoted by α and the speed of rotation is denoted by ϕ. In 
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this study, the chamber was pumped down to a pressure of 10-6 Torr before 
commencing the GLAD process. An electron beam heating set up was used to melt 
and evaporate the desired source. Au and Ag were used in this study. The substrate 
normal was placed at an angle of 87° to the direction of the incoming flux and the 
substrate was rotated at a rate of 0.2 rpm. No substrate heating was applied. A crystal 
oscillator monitored the thickness and rate of deposition.  
3.10 Metal-Assisted Chemical Etching of Si 
Metal-assisted chemical etching (MACE) refers to the selective etching of Si 
when Si is in contact with a metal catalyst such as Au or Ag in an oxidizing HF 
solution.[4] In this work, H2O2 is used as the oxidizing agent. The etch rate of Si in 
contact with the metal catalyst is much faster than that of Si without metal in the 
etching solution. As a result, the dissolution of Si underneath the metal catalyst results 
in the “sinking” of the metal catalyst. A more detailed description of the MACE 
process is discussed in Chapter 2. MACE was performed in a Teflon container at a 
wet bench. Parameters such as (i) [HF], (ii) [H2O2], (iii) etching temperature, (iv) type 
of metal catalyst and (v) etch duration was controlled and studied. A typical etching 
experiment was performed in a solution containing 4.6 Molar (M) of HF and 0.44 M 
of H2O2 for a duration ranging from 1 to 20 min. The sample was then rinsed for 10 
min in DI water to remove any remaining HF and H2O2. After the etching process, the 
sample was blown dry by using a nitrogen gun. 
  
3.11 Scanning Electron Microscopy 
In a scanning electron microscope (SEM), electrons are generated by an 
electron gun. Electrons from a thermionic or field-emission cathode are accelerated 
through a voltage difference between cathode and anode (from as low as 0.1 keV to as 
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high as 30 keV). The electron beam size at the source, has a diameter within 10 ~ 50 
µm for thermionic emission, and a diameter of 10 ~ 100 nm for field emission guns, is 
demagnified by a two or three stage electron lens system so that an electron probe of 
diameter 1 ~ 10 nm is formed at the specimen surface. Figure 3.4 schematically 
illustrates an SEM set up. 
 
Figure 3.4: Schematic diagram of an SEM set-up. !
The interaction of primary electrons with the substrate generates secondary 
electrons (SE), backscattered electrons (BSE) and Auger electrons (AE).  SE and BSE 
are usually collected, amplified and detected with a scintillator-photomultiplier 
detector. Scanning electron microscopy (SEM) and Auger spectrometers use similar 
primary electron columns. In fact, SEM capabilities are usually incorporated into 
Auger instrument. Separate detectors are required for secondary and backscattered 
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electrons. To produce images, these electron signals are measured as a function of 
primary beam position while the beam is scanned in a raster pattern over the sample.!
Interaction of the primary beam with the sample creates an excitation volume, 
in which electrons are scattered through elastic and inelastic scattering. Electrons in 
elastic collisions that lose only a small fraction of their original energy but undergo 
large-angle deflection are known as BSE (backscattered electrons). Inelastically 
scattered electrons that lose much of their original energy and finally have energy less 
than 50 eV are known as SE (secondary electrons). SE provides information on 
surface topography and is also used in voltage contrast imaging. BSE provides 
information on topography and material properties, while AE provides information on 
the chemical composition of thin films and is usually used in surface analysis. The 
SEM resolution depends on the smallest electron probe spot achievable, while the 
signal-to-noise ratio is determined by the electron probe current, which decreases with 
the probe spot size. Therefore, electron optics in SEM are designed to achieve the 
smallest electron spot with maximum current. The SEM analyses in this work were 
performed using the Philips XL30 and NOVA NanoSEM 230 field emission systems.  
 
3.12 Transmission Electron Microscopy  
Transmission electron microscopy (TEM) provides a direct means of 
observing submicron features down to the crystal structure of the materials.[5] It is 
primarily used in this work for the structural characterization of Si nanowires. Figure 




Figure 3.5: Schematic diagram of the set up in a TEM system. 
 
In a TEM, electrons are accelerated by the same method as that mentioned 
previously for the SEM.  However, as its name suggests, the electrons passes through 
the sample and is collected underneath the sample by the detector.  This requires the 
thickness of the sample to be 0.1 µm or less. More electrons pass through a thinner 
region and fewer electrons pass through a thicker region. In addition, strongly 
diffracting specimens, (such as metals) appear dark while weakly diffracting 
specimens (such as semiconductors and insulators) allow electrons to pass through 
and appear bright in TEM images. The diffracted electron beams are brought back to 
focus in the back focal plane and the subsequent lenses project a magnified diffraction 
pattern on the fluorescent screen. The objective lens also produces an inverted image 
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of the specimen in the first image plane. In the imaging mode, the diffraction lens is 
focused on the back focal plane and produces a magnified image of the specimen on 
the fluorescent screen.  TEM is also capable of imaging individual atoms and their 
relative positions and distances and give compositional information over an area of 
interest. The TEM however is a destructive characterization technique.  
 Bright field and dark field imaging methods are used in TEM. In bright field 
imaging, the objective aperture is positioned such that only the center of the electron 
beam can pass through while the diffracted beam is screened off. As such, only the 
center beam forms the image and the background of the image is bright. In dark field 
imaging, the objective lens is positioned such that the central beam is blocked off. 
Therefore, only the diffracted beam forms the image. In high-resolution transmission 
electron microscopy (HRTEM), multiple beam interference imaging is used. [5] 
In analyzing TEM images, two types of contrast must be considered namely, 
scattering contrast and phase contrast. Scattering contrast is due to mass or thickness 
differences in the sample. With different materials, the scattering may be different due 
to different atomic masses. This leads to a mass contrast image. Phase contrast is 
formed due to the interference of two or more electron beams. This results in fringe 
patterns upon imaging of crystalline materials.  
TEM images used in this work were obtained using a JEOL 2010F system 
operating at 200 kV. Samples were prepared by scraping the substrate and depositing 




3.13 Raman Spectroscopy 
Raman spectroscopy is another means of studying the structural characteristics 
of thin films. It is contactless and non-destructive and yields a high degree of 
information. [6,7,8] Raman spectroscopy measures the wavelength and intensity of 
inelastically scattered light from molecular interaction of the sample with the incident 
excitation source. This occurs at wavelengths that are shifted from the incident light 
wavelength due to molecular vibrations (phonons).[6] As only one in a million 
photons are inelastically scattered, the Raman effect is very weak. As each type of 
bonding has a characteristic Raman shift, structural characteristics may be determined 
by comparing it with known Raman shift values.  
The principle of Raman scattering can be explained using a diatomic molecule 
model, which can be extended to multi-atomic molecules and other solids. [7] The 
electric field (ε) of the excitation light source can be expressed as 
ε = εo cos  ωt    (3.2) 
Due to polarization of the bond, the molecule will oscillate. The induced 
dipole moment, µ, would be: 
µ = αε     (3.3) 
where α is the polarizability of the molecule.  
Polarizability of the molecule is a function of atomic separation. Let z be the 
displacement from the equilibrium separation between atoms. This allows 
polarizability to be written in a Taylor series form about zo, the equilibrium atomic 
separation of the molecule as: 
α(z) = αo + (δα/δz)z +…  (3.4) 
where αo is the polarizability at equilibrium separation, zo.  
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 Molecules vibrate at its resonant frequency, ωo, due to surrounding 
temperature. Therefore, the separation of two atoms, z, can be written as: 
z = b cos(ωot)    (3.5) 
Substituting equations (3.5) and (3.4) into (3.3), the induced dipole moment, µ, 
would be: 
µ = αo εo cos (ωot) + (δα/δ cos(ωot))εo cos(ωot) (3.6) 
Raman scattering is possible only if there are changes in the polarizability during the 
molecular vibrations. When light is radiated upon a dipole at its oscillating frequency, 
three frequencies, ω-ωo, ω, ω + ωo, are emitted by the molecule. These correspond 
respectively to Stokes, Rayleigh and anti-Stokes scattering. The different energy 
transitions are schematically illustrated in Figure 3.6. 
 
Figure 3.6: Schematic diagram of energy transitions during Rayleigh, Stokes and 
anti-Stokes scattering processes respectively.  !
Rayleigh scattering occurs when the scattered light is of the same frequency as 
the incident light; also referred to as Stoke scattering refers to the situation when the 
frequency of the scattered light is lower than that of the incident light. This is due to 
energy transfer from the incident photon to the lattice in the form of a phonon. Anti-
Stoke scattering process refers to phonon absorption by a photon; i.e. the frequency of 
the scattered light is higher than the frequency of the incident light. As anti-Stokes 
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scattering occurs less frequently, the signal is comparatively weaker than a Stokes 
scattering event, Stokes scattering are typically studied. Both modes are known as 
Raman scattering. [6,7] 
A Raman spectroscopy set up consists of a laser beam directed onto a sample. 
Figure 3.7 schematically shows a Raman spectrometer set up. The weakly scattered 
light would be passed through a double monochromator in order to reject the Rayleigh 
scattering component. This enables the photodetector to only detect the Raman shifted 
wavelengths only. 
 
Figure 3.7: Schematic diagram of a Raman spectrometer set up.  
 
The Raman spectroscopy used in this work was performed on a Renishaw 
Raman spectrometer. It was equipped with a double monochromator and an optical 
multichannel detection system. To prevent any effects due to laser heating, a low 
power of 60 mW was used. Detection was done in the backscattering configuration 
with a small laser spot size of ~1 µm and spectral resolution of 0.2 cm-1. 325 nm He-
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Cd laser, 488 nm Ar+ laser source and 785 nm diode laser source were used for 
Raman characterization.  Note that the intensity of the spectra was not taken into 
account as no polarization study was conducted. As each incident wavelength has a 
different penetration depth in Si (325 nm excitation has the shallowest penetration 
depth while 785 nm excitation has the deepest penetration depth), probing the 
nanostructures with different excitation sources provides an in-depth structural 
characterization tool for the nanostructures studied in this work. 
 
3.14 Photoluminescence Spectroscopy 
 When a semiconductor is excited with electromagnetic radiation, the 
luminescence caused by radiative recombination of excited individual or coupled 
carriers is called photoluminescence (PL). [9] Figure 3.8 schematically illustrates a 
PL event.  
 
Figure 3.8: Schematic diagram of photoluminescence in semiconductors. !
The energy of the emitted photon reveals insights into the recombination 
process that occurred. Through this, one can estimate a number of structural 
characteristics of the material such as the estimation of (i) the band gap energy (from 
the wavelength of maximum light intensity), (ii) composition of ternary or quaternary 
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layers, (iii) binding energy of impurities, (iv) carrier recombination life times and (v) 
binding energy of free and bound excitons. Impurity levels and defects are detected 
through radiative transitions in semiconductors involving localized defect levels and 
donor-acceptor pairs.[9] The amount of PL and its dependence on the level of photo-
excitation and temperature are directly related to the amount of recombination process. 
In addition, quantifying the amount of radiative recombination with respect to 
nonradiative recombination reveals insights into the material quality. As each peak in 
a PL spectrum corresponds to a radiative transition, each wavelength represents a 
transition between two energy levels. PL position can shift due to factors such as 
stress, alloying and particle size. Similar to Raman spectroscopy, PL is a non-
destructive optical characterization technique with spatial resolution down to ~500 
nm. Figure 3.9 schematically illustrates the PL spectrometer setup.  In this study, a 
He-Cd laser (325 nm wavelength) source is used. 
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Chapter 4 Structural Characterization of Silicon Nanowires 
Synthesized by GLAD-CE 
 
4.1 Introduction 
As discussed in Chapter 2, metal-assisted chemical etching (MACE) of silicon 
(Si) has attracted substantial attention due to its simplicity in fabricating Si 
nanostructures of varying dimensions, aspect ratios and properties for numerous 
applications.[1-11]  
Huang et al.[12] have presented an overview on MACE in which the various 
models used to describe the etching process was highlighted. It also highlighted the 
need for a systematic study on the influence of etching parameters such as type and 
morphology of noble metal catalyst.[13] In the MACE model proposed by Li and 
Bohn, Si etching process occurs as a localized electrochemical process with the 
nanometer sized metal acting as a local cathode.[14] The anode (Si) and cathode 
(metal) sites form on the etched surface with the local cell currents flowing between 
the sites during etching. The generation of holes (h+) from H2O2 and the reduction of 
H+ to form H2, are facilitated by the metal catalyst.[13] During MACE, holes are 
injected into Si through the metal/silicon interface and the holes are attracted near the 
catalyst due to the electrostatic force induced by them and cause the etching of silicon 
underneath the catalyst  
Despite several studies on microstructural properties, the optical and structural 
properties of such nanostructures are rather limited.[12] Moreover the structural 
properties of such MACE-based Si nanostructures of different shape and size are not 
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well addressed. Raman spectroscopy, being sensitive to atomic scale disorder, could 
provide useful information on the structural modifications of Si caused by MACE 
process steps. In order to investigate phonon localization in nanostructured Si, it is 
desirable to study multi-wavelength Raman excited optical phonon of such Si 
nanostructures. Due to change of surface vibrational properties in such nanostructures 
on crystalline bulk Si substrate, the use of UV Raman in combination with visible and 
near IR (NIR) resonant excitation could address the nature of nanostructures.  
The degree of lattice disorder at the top surface of nanostructured Si 
nanowires can be characterized by relaxation of wave vector conservation in Raman 
scattering processes and through UV Raman, the asymmetry broadening and phonon 
line shape behavior can be correlated to microstructural analysis. The complex 
artificial stress states in such crystalline nanowires embedded in different matrix also 
influence the optoelectronic properties. A detailed Raman and PL spectroscopy 
analyses in such MACE-based Si nanostructures can address all such issues.  
In this Chapter, we explore the structural characterization of Si nanowire 
arrays synthesized by a bottom-up nanostructure fabrication technique that employs 
glancing angle deposition of metal nanoparticles that act as the catalyst for a 
subsequent MACE process. Photoluminescence (PL), Raman spectroscopy, scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) 
characterization techniques were used to characterize the nanostructures. Here we 
study the effects of H2O2 concentration [H2O2], HF concentration [HF], etching 
temperature and type of metal catalyst. The influence of HF concentration and etching 
temperature is discussed in Appendix A. Huang et al.[12] noted that generally no 
distinction or differences have been made between gold (Au) and silver (Ag) metal as 
catalyst during MACE for the synthesis of Si nanowires. They did however highlight 
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work done by Tsujino et al.[14] that show different nanopore morphology when 
isolated Au and Ag nanoparticles were used to etch nanopores into Si by MACE. This 
prompted us to investigate the difference in Si nanowire morphology as a result of 
using Au or Ag as catalyst. 
The basic process steps of our method are schematically illustrated in Figure 
4.1. Briefly, gold (Au) nanoparticles are deposited on Si by the glancing angle 
deposition (GLAD) technique, followed by MACE of Si in a solution of H2O, H2O2 
and HF where the Au nanoparticles act as the catalyst that resulted in the synthesis of 
Si nanowire arrays. In this work, we explored etching the Si surface under various 
conditions described in detail in section 4.2. In order to address the size effect and 
surface vibrational properties in such complex nanowire structures, we have 
addressed micro-Raman measurement with various laser excitation lines (325, 488 
and 785 nm). In addition, the observations are correlated to the PL spectra when 
different etching parameters are used.  
 
Figure 4.1: Fabrication of Si nanowire arrays through GLAD of Au 
nanoparticles on Si followed by MACE in HF and H2O2 solution. !
4.2 Experimental Conditions 
Control sample: N-type (100) Si wafers (resistivity of 8-12 Ωcm) were first cleaned 
by standard RCA1 and RCA2 processes. The wafers were subjected to a 1-min etch in 
10% HF prior to loading into an electron-beam evaporator. The chamber was pumped 
down to a pressure of 10-6 Torr before commencing the GLAD process. The substrate 
normal was placed at an angle of 87° to the direction of the incoming flux and the 
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substrate was rotated at a rate of 0.2 rpm. The samples were then etched for 20 min in 
a solution of H2O, HF and H2O2 at room temperature, with the concentrations of HF 
and H2O2 fixed at 4.6 and 0.44 M respectively. The samples were rinsed in deionized 
H2O before drying with a N2 gun. This etching solution recipe was used as a control 
to other recipes as described below. 
 
Varying metal catalysts: Gold (Au) and silver (Ag) were evaporated separately via 
GLAD under similar conditions and subjected to the same etching process mentioned 
earlier. The samples were immersed in the etching solution for 20 min.  
 
Varying [H2O2]: [HF] was kept constant at 4.6M while [H2O2] was varied from 0.09 
M to 4.4 M. Table 4.1 lists down the concentration of reagents used. The samples 
were immersed in the etching solution for 20 min.  
 
Characterization: FEI NOVA SEM 230 was used for all SEM, and the JEOL 2010F 
system was used for TEM characterization. The PL and Raman scattering 
experiments were performed using the Jobin Yvon, LABRAM set-up equipped with 
multiple lasers and CCD-based detectors.  The 325 nm He-CD laser source was used 
for all room temperature PL characterization. The 325 nm He-CD laser, 488 nm Ar+ 
laser source and 785 nm diode laser source were used for micro-Raman measurement.  
The laser power on the sample surface was kept low to avoid heating effects for all 
Raman measurements. Since such nanostructures under UV excitation could lead to 
thermal red shift, we used neutral density filters to keep the surface temperature low 
and the shift is within the spectral resolution of the Raman instrument.  
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4.3 Au Nanoparticle Synthesis by GLAD 
GLAD is an evaporation process onto rotating Si substrates which are placed 
at large oblique angles to an incoming flux of adatoms.[15,16] Figure 4.2a shows a 
scanning electron microscope (SEM) image of Au nanoparticles on Si after a GLAD 
process performed for 90 min. The inset in Figure 4.2a is a tilted SEM image that 
reveals many smaller nanoparticles embedded between the larger ones. Figure 4.2b 
shows a histogram showing the wide size distribution of nanoparticles on Si. The 
nanoparticle sizes were determined by manually measuring more than 200 
nanoparticles from several digital SEM images similar to Figure 4.2a. Figure 4.2 
shows that the GLAD process results in a wide variation in size of Au nanoparticles 
with diameter ranging from 10 to 100 nm. The nanoparticle packing resembles 
Apollonian packing geometries,[17] with smaller nanoparticles embedded in the 
spaces between the larger ones (inset of Figure 4.2a) which is a consequence of the 
atomic shadowing process. 
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Figure 4.2: (a) SEM images of Au nanoparticles synthesized by GLAD on Si. 
Inset in (a) shows the presence of small nanoparticles between the larger 
nanoparticles. (b) Histogram showing the size distribution of the particles on the 
Si surface.  
  
During the initial stages of the GLAD process, the evaporated Au atoms 
(adatoms) condense on the Si surface and coalesce to form individual islands (nuclei) 
that geometrically shadow the substrate due to the oblique arrival angle (of 87º) and 
the low surface diffusivity of the adatoms.[16] As a result, atomic shadowing takes 
place and prevents the formation of a continuous thin film. A less oblique arrival 
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angle (<80°) would result in a more continuous film.[15,16] As the deposition process 
continues, the nuclei capture more adatoms and grow in the direction of the vapor 
source. By rotating the substrate, the net direction of nuclei growth can be resolved 
vertically.[26] Due to the competitive nature of the atomic shadowing process, as 
soon as a nucleus outgrows its neighboring nuclei, it essentially stops all further 
growth of those nuclei in its vicinity. As the GLAD process continues for a longer 
time, more and more nuclei are restricted from growing further due to atomic 
shadowing caused by larger nuclei, and these larger nuclei capture more adatoms and 
further increase in size, resulting in a large size distribution (with diameter ~10 to 
~100 nm) as shown in Figure 4.2.  
 
4.4 Si Nanowire Synthesis and Structural Characterization 
Figure 4.3 shows the SEM images of the as-synthesized Si nanowire arrays as 
a result of MACE of Si in H2O2 and HF solution at 0.44 M and 4.6 M respectively, for 
20 min, of the sample with Au nanoparticles deposited by GLAD shown in Figure 
4.2a. Figure 4.3a is a bird’s eye view SEM image and Figure 4.3b is top-down SEM 
image, while Figure 4.3c is a cross sectional-SEM image of nanowires illustrating the 
morphology of freestanding Si nanowires with Au nanoparticles that have “sunk” as 
Si is etched. The inset in Figure 4.3c is a higher-magnification SEM image of these 
sunken Au nanoparticles. Si nanowires with ~15 µm length were obtained. In 
addition, we observed these nanowires to be significantly clumped; resembling that of 
nano-scale “haystacks”. 
In MACE of Si in HF, H2O2 and H2O, the metal catalyst (i.e. Au nanoparticle) 
facilitates the reduction of H2O2. This results in the generation of holes, which get 
injected into Si via the Au nanoparticle, and this injection of holes facilitates Si 
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etching by HF.[12-14,18] Hence, the Si in the vicinity of the Au nanoparticle is 
etched away, causing a collective sinking of Au particles into Si. Isolated and well-
separated metal nanoparticles result in well-defined pores on the Si surface. However 
wall-like and wire-like Si nanostructures are obtained with a closed packed metal 
nanoparticle distribution.[12] In this work, as the Au nanoparticles formed by GLAD 
do not form a continuous film on the Si surface, but instead form a dense network of 
metal nanoparticles in close proximity to each other, during MACE, those regions of 
bare Si remain as freestanding nanowires.  
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Figure 4.3: Morphology of as-synthesized Si nanowires by GLAD-CE. (a) bird’s 
eye view, (b) top-view and (c) cross sectional view of Si nanowires. Inset in (c) 
shows Au nanoparticles at the base of the Si nanowires (500 nm scale bar).  
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TEM analysis reveal that the Si nanowires vary in thicknesses ranging from 
~10 nm to ~ 100 nm. The TEM images are shown in Figure 4.4. Interestingly the 
nanowire appears completely mesoporous. The TEM images reveal that the interior of 
the nanowires lack a single crystalline Si core but consists of mesoporous 
nanocrystallites. Moving down along the length of these high aspect ratio nanowires, 
we observe the top and the middle portion of the nanowires to be completely 
mesoporous. Towards the base of the nanowire, however, the nanowire surface 
appears to be less porous. Magoariec and Danescu have shown that as the porosity of 
Si increases, its Young Modulus decreases.[19] We expect that the low rigidity of the 
nanowire in Figure 4.3 aids the elastocapillary coalescence [20] and results in the 
formation of clumps of nanowires.   
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Figure 4.4: TEM images of GLAD-CE Si nanowires: moving from the top (a) to 
the base (c) of a thick nanowire of ~100 nm diameter and (d) thin nanowire of 
~20 nm diameter. Figures on the right are high-resolution TEM images of those 
on the left. 
 
We propose that during the etching process, holes escape the image force near 
the vicinity of the Au nanoparticle and have the freedom to travel within the vicinity 
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of the nanowire.[13] These holes can either diffuse towards the bulk and get 
recombined or diffuse up along the length of the nanowire. For an n-type Si wafer 
with a doping concentration of ~1015 cm-3, at 300 K, the diffusion length of holes in 
Si is of the order of 3 x 10-3 cm. It is therefore reasonable that holes can diffuse up to 
the top of the nanowires without having been recombined. Holes that diffuse up along 
the nanowire length to the nanowire surface facilitate the etching of Si by HF; similar 
to anodized etching of Si in HF.[21] As the Au nanoparticle sinks deeper into the Si 
surface with increasing etch duration (and hence resulting in longer nanowires), more 
and more holes diffuse along the length of the nanowires, further facilitating the 
roughening of the Si nanowire surface, making it more mesoporous at the top of the 
nanowires compared to the base of the nanowire (due to longer exposure to etching 
solution). 
 
4.5 Optical Characterization of GLAD-CE Si Nanowires  
PL analysis is typically used to characterize porous Si fabricated by anodized 
etching of Si in HF.[21,22] This motivated us to study the optical properties of these 
mesoporous nanowires. Figure 4.5a shows the comparative PL spectra of the 
mesoporous GLAD-CE nanowires and bulk Si. The nanowires were observed to be 
highly luminescent with PL intensity peaking at 682 nm.  Hochbaum et al. have also 
observed similar photoluminescence of mesoporous Si nanowires peaking at 680 nm 
with a similarly broad emission spectrum.[23] Such emission wavelengths have been 
shown conclusively by Wolkin et al.[21] to be due to oxide related defects 
surrounding the nanocrystallites once porous Si is exposed to ambient oxygen in air. 
In our case, strong PL arises due to oxidized porous nanostructures in these Si 
nanowires. The PL linewidth is broadened and is dependent on the diameter 
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distribution of nanocrystallites formed by the etching process. It is quite reasonable 
that if we can control the size distribution of such nanostructures, linewidth 
broadening can be compensated. This requires in-depth study of the etching 
parameters and their influence on the optical and vibrational properties. 
 
Figure 4.5: (a) PL emission of mesoporous Si nanowires and bulk Si. No distinct 
emission was obtained from bulk Si. Strong PL of mesoporous Si NW signal 
peaked at 682 nm. (b) 325 nm UV Raman, (c) 488 nm visible Raman spectra of 
mesoporous Si nanowires (sample EN) with peak deconvolutions and (d) 785 nm 
near-resonant Raman showing intense Raman signal from nanowires comapred 
to bulk Si.  
 
Next, we performed micro-Raman characterization using three different 
excitation wavelengths of 325 nm, 488 nm and 785 nm to address the lattice 
vibrational characteristics of these mesoporous nanowires as the different excitation 
wavelengths allow probing the surfaces at different penetration depths. Note that we 
have used a very low laser power for all types of Raman characterization to minimize 
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heating effects. Figure 4.5b shows the typical UV Raman (325 nm He-Cd laser 
source) spectra of the as-synthesized Si nanowire arrays and bulk Si. The spectrum 
from mesoporous wires shows a peak position at 510.2 cm-1 (peak shift of 10.6 cm-1 
compared to bulk Si) and full width half maximum (FWHM) of 20.4 cm-1. The low 
penetration depth at 325 nm serves as a tool to probe only the top portion of the 
nanowires.  
The large shift from bulk Si suggests the presence of nanoparticles due to 
quantum confinement.[24,25] The TEM pictures shown in Figure 4.4 have verified 
the presence of these dense nanocrystallites. The multiple Raman peaks 
deconvolution from such samples show the presence of two prominent peaks: (i) at 
~507-510 cm-1 due to phonon confinement effect in nanoparticles and (ii) a broad 
spectrum centered at ~485 cm-1, attributed to the presence of amorphous Si 
background.[24,25] The broad peak usually arises due to transformation of crystalline 
to amorphous matrix phase in silicon and the observation confirmed the nature of the 
amorphous matrix where crystalline silicon nanostructures are embedded within the 
nanowire geometry. This broad peak is usually weak and appears due to short-range 
ordering and broad phonon density of states.  The spectrum from bulk-Si is always 
dominated by sharp Raman peak at 520.8 cm-1 which represents the zone-center 
optical phonon O(Γ) peak. Beside this, the 2TA(X) phonon mode appeared around 
302 cm-1 from bulk Si. We also observed a clear downshift of these much weaker 
second order acoustic phonon overtones in the case of nanowires. The stronger 
Raman band around 510 cm-1 from nanowires is attributed to the phonon confinement 
in nanocrystalline silicon phases within the wire-like features and the linewidth 
broadening of this peak is caused by the combined effect of nanocrystallites size 
distribution and the amorphization of the silicon nanowires. In addition, the 
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deformation of the nanocrystallites embedded in the amorphous matrix also leads to 
another component of this peak shift when different shapes of nanocrystalline Si 
formed due to variation in etching processes. Multiple light scattering at the top facets 
of the oxidized porous network accounts for the increased signal from the nanowires.                         
Figure 4.5c shows the visible Raman (488 nm Ar+ laser source) spectrum 
showing a peak position at 519.2 cm-1 (red shift of 1.8 cm-1 compared to bulk Si) and 
full width half maximum (FWHM) of 9 cm-1. As the penetration depth in Si with a 
488 nm source is deeper compared to a 325 nm source, it allows us to probe along the 
length of the Si nanowire. Peak deconvolution explains the pronounced conical line 
width asymmetry observed as it shows the presence of two peaks: (i) a red shifted Si 
peak at 519.2 cm-1 suggesting that the signal from Si nanowire and the phonon 
softening is due to tensile strain component and (ii) a peak at ~515 cm-1 due to the 
nanocrystallites as mentioned earlier.[24,25] The lack of a strong amorphous Si 
background suggests less formation of amorphous Si matrix along the length of the 
nanowire compared to the top. These observations clearly show the Raman probing of 
nanowires and the mesoporous structures comprise of oxidized nanosilicon 
crystallites.    
Figure 4.5d shows the NIR Raman (785 nm diode laser source) spectrum of 
the as-synthesized Si nanowires. The excitation line is within the close vicinity of the 
PL band, and near-resonant in nature. Since this NIR excitation probes the entire 
nanowire and the wire/bulk Si interfaces, it shows a broad peak, which could be due 
to a varying distribution in sizes of the nanocrystallite in the mesoporous nanowire. In 
addition, the high signal intensity compared to that of bulk Si is due to surface-
enhanced resonant Raman scattering (SERRS) due to the presence of sunken Au 
nanoparticles. The starting Au nanostructures (assembly of gold nanostructures with 
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small gaps) is expected to show a strong surface plasmon resonance in the near-infra 
red spectral regions due to interacting nanostructures and our 785 nm excitation line 
which is close to such plasmon resonance bands. As the presence of sunken Au 
nanostructures in our structures leads to such a SERRS process which agrees with our 
observations of Raman intensity enhancement.[26,27] The strong SERRS signal of 
the as-synthesized Au-etched nanowire surface may also be useful  for biological 
sensing.[28] 
The PL and Raman characterizations further verify our hypothesis of the 
secondary etching process that takes place during MACE. The attack of HF in the 
presence of diffused holes (from H2O2 injection through Au catalyst) on the nanowire 
surface, results in the formation of porous Si. The top portion of the nanowire 
experiences the greatest degree of Si dissolution and attack by HF resulting in the 
formation of an amorphous Si matrix. As the middle of portion of the nanowire has 
not experienced prolonged damage by HF, less amorphous background is present as 
evident under visible Raman characterization, though sufficient Si dissolution has 
resulted in a mesoporous network of nanocrystallites. The base of the nanowire has 
experienced the least exposure to HF and therefore only results in a roughened Si 
surface. No work has thus far described the formation of such mesoporous nanowires 
with optical probing and with low-doped Si, etched with Au as catalyst under H2O2-
HF solution. So far, the formation of mesoporous nanowires during MACE has only 
been observed in highly doped Si etched in AgNO3-HF solution.[23]  
The argument presented thus far suggests that H2O2 is responsible for the 
supply of holes into Si, HF is responsible for Si dissolution while Au, the catalyst is 
necessary for hole injection into Si to take place. To further verify our hypothesis and 
shed more light on the etching mechanism at work, we performed a series of 
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experiments where we compared the influence of (i) type of metal catalyst, where we 
compared the use of Ag and Au as catalyst during the etching process, (ii) increasing 
[H2O2] (by keeping [HF] constant and varying [H2O2]), (iii) increasing [HF] (by 
keeping [H2O2] constant and varying [HF]; discussed in Appendix A) and (v) 
compared the effect of etching temperature (discussed in Appendix A) on the MACE 
process and the resultant Si morphology.  
4.6 Influence of Type of Metal Catalyst 
In this section, we compare the effects of varying the metal catalyst between 
Au and Ag during MACE. A Ag GLAD process was performed to obtain a similar 
thickness as the Au GLAD process mentioned earlier. Both samples were etched in 
[H2O2] at 0.44 M and [HF] at 4.6 M solution for 20 min. Figure 4.6 shows SEM 
images of Si nanowires etched with Ag as catalyst. For the same etching duration, 
longer Si nanowires are obtained by etching with Au nanoparticles (~15 µm long 
nanowires) than Ag (~10 µm long nanowires). In addition, the Si nanowires etched 
with Ag appear significantly straighter and do not form large clusters as those 
obtained with Au.  
 
Figure 4.6: SEM images of Ag-etched Si nanowires by GLAD-CE.  
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TEM analysis shown in Figure 4.7 revealed that the Ag-etched nanowires do 
differ in morphology compared to the Au-etched nanowires. The Ag-etched Si 
nanowires are thicker than those obtained by Au. The Ag-etched Si nanowires have a 
porous exterior and are not completely mesoporous. Similar to the Au-etched 
nanowires, the porosity of Ag-etched nanowires is higher at the top of the nanowires 
with the porous outer layer getting thinner along the nanowire surface towards the 
base. The less-porous nature and larger thickness of these nanowires would therefore 
make them stiffer and less likely to clump during the drying process.[19]  
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Figure 4.7: TEM images of Ag-etched Si nanowires moving from top (a) to 
bottom (c) of a nanowires. The microstructures show a clear difference 
compared to Au-etched nanowires.  !
There are two reasons that explain the differences in Si nanowire morphology 
obtained with Au and Ag as catalyst. Firstly, it is because the Au and Ag film 
morphology after GLAD are not similar. Figure 4.8 shows the Ag morphology before 
MACE. While the Au film is made up of a dense layer of isolated Au nanoparticles 
(See Figure 4.2), the Ag film morphology comprises mostly of an interconnected film 
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of large Ag particles with openings within the film. The difference in nanoparticle 
size between Ag and Au is explained by the difference in diffusivity between the two 
different metals. Coffa et al. have shown that Ag has a higher diffusivity compared to 
Au.[39,40]  As a result, the adatoms have higher energy to move on the Si surface and 
nucleate into larger particles during GLAD. These openings within the Ag film results 
in free standing Si nanowires after MACE. Thus the larger openings in the Ag 
GLAD-film translate into the thicker Si nanowires obtained. The argument of thicker 
nanowire alone however is not sufficient to explain why the Ag-etched Si nanowires 
is less porous than the Au-etched wires.  
Sánchez-Sánchez and Bard have shown that Au is more effective than Ag at 
decomposing H2O2 due to the lower potential required for Au to begin H2O2 
decomposition compared to Ag.[31] In addition, Tsujino et al. have also shown that Si 
surface etched by isolated Au nanoparticle during MACE exhibit a thicker porous Si 
layer than Si etched by Ag nanoparticles.[14] As Au is more efficient at decomposing 
H2O2 than Ag, more holes are injected at the Au-Si interface which allows for greater 
Si etching by HF at the Au-Si interface, resulting in longer wires and away from the 
Au-Si interface; along the nanowire surface (due to hole diffusion), making nanowires 
etched by Au more mesoporous than that Ag. 
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Figure 4.8: SEM images of Ag nanoparticle morphology on Si synthesized by 
GLAD. Some of the Ag nanostructures are coalesced to form elongated 
nanostructures. (a) is a top-view SEM while (b) is a tilted SEM image. !
Figure 4.9a shows PL spectra of the two different nanowires. The nanowires 
etched by Au have a much higher PL intensity due to the higher degree of porosity. 
Both spectra peaked at ~682 nm (1.82 eV). UV Raman spectra (Figure 4.9b) show a 
peak intensity at 515.6 cm-1 (5.2 cm-1 red shifted from bulk Si) FWHM of 25.8 cm-1 
for the Ag-etched Si nanowires, while Au-etched Si nanowires peaked at 510.2 cm-1 
(10.6 cm-1 red shifted from bulk Si), with FWHM of 20.4 cm-1. The larger shift 
observed in Au-etched nanowires agrees with our expectation of higher porosity and 
therefore more nanocrystallites.[23] As mentioned in previous section, the downward 
shift of the optical phonon peak is due to the creation of silicon nanocrystallites 
embedded in amorphous matrices within the nanowires, which are responsible for 
phonon localization, and Raman lineshape broadening is due to the combined 
influence of size distribution of nanosilicon phases and the etching-induced 
amorphization.   
Interestingly both spectra show similar asymmetry in the tail end of the 
spectrum indicating that etching with both Au and Ag result in the formation of 
amorphous Si at the top of the nanowires. The 488 nm visible Raman spectra in 
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Figure 4.9c further highlight the difference in structure between the two types of 
nanowires. The visible Raman spectrum from the Ag-etched nanowires is 
symmetrical compared to the asymmetrical-conical shape of the Au-etched 
nanowires. Visible Raman spectra of the Ag-etched nanowires peaked at 520 cm-1 
(0.8 cm-1 red shift from bulk Si), with a FWHM of 4.3 cm-1, compared to 519cm-1 (1.8 
cm-1 red shifted from bulk) and a FWHM of 10 cm-1. The cylindrical symmetry of 
Ag-etched nanowire is due to (i) the straight morphology of the nanowires and (ii) the 
less nanocrystallites due to less porosity along the length of nanowire. The visible 
Raman spectrum does not show significant amorphous Si background from the 
nanowires.  
The conical symmetry in Au-etched nanowires is due to the conical 
morphology of nanowire haystacks and the mesoporous network of nanocrystallites of 
the nanowires. The much broader NIR Raman spectrum of Au-etched nanowires 
shown in Figure 4.9d, suggests a larger distribution of Si nanocrystallites in the Au-
etched nanowires compared to the case of Ag-etched samples.  
The high Raman intensity (within the UV-visible range) of Ag-etched Si 
nanowires can be explained based on the strong surface enhanced Raman scattering 
induced by the sunken Ag nanoparticles.[32] It is well-studied in the literature that 
Ag-based nanostructures usually give rise to strong surface plasmon band in the near-
UV spectral range whereas Au-based interacting nanostructures leads to NIR plasmon 
resonance. In our case, the sunken silver structures are interconnected as well as 
elongated and present at the base of the nanowires. Such structures are expected to 
show a broad plasmon resonance in the near-UV to visible spectral range. As a result, 
we clearly observed strong Raman signal from Ag-etched mesoporous wires under 
both 488 and 325 nm excitation wavelengths.  
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Figure 4.9: (a) PL, (b) 325 nm UV Raman, (c) 488 nm visible Raman and (d) 785 
nm NIR Raman spectra of Au and Ag- etched Si nanowires. (b) and (c) showing 
the SERRS observed with Ag nanoparticles under visible and UV excitation 
whereas (d) shows SERRS with NIR excitation wavelength.  !
4.7 Influence of H2O2 
In order to study the effects of H2O2 during the MACE process, we kept [HF] 
to 4.6 M and varied [H2O2] from 0.09 M to 4.4 M with Au as the metal catalyst. 
Details of the concentration breakdown are presented in Table 4.1. Based on the pre-
existing model of MACE and equations (2.1) and (2.2), increasing [H2O2] would be 
expected to result in increased Si etching and therefore longer nanowires for the same 
etch duration.  
Figure 4.10 shows the SEM images of the Si surface after undergoing a 20 
min MACE process. Clearly, the Si morphology for all cases is different and 
increasing [H2O2] does not result in longer nanowires only. At a low [H2O2], of 0.09 
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M (see 10(a)), the nanowires appear short (~ 2 µm long). Note that some wires were 
already observed to clump together. We also performed a MACE experiment with no 
H2O2 present in the solution and observed no Si etching to take place. With [H2O2] at 
0.44 M, (our control sample for all experiments) longer (~ 15 µm long) and clumped 
nanowires are observed as discussed earlier. Interestingly, at [H2O2] of 0.97 M. The 
nanowires obtained appear much longer (~ 20 µm long) but forms large clusters or 
“bundles” of nanowires. These “wires” appear collapsed, “soft” and resemble 
nanoribbons more than rigid nanowires. At an even higher [H2O2] of 4.4 M. the 
surface again looks different. Large “mountain-like” nanostructures are observed. In 
addition, increasing [H2O2] results in a lower density of nanowires due to the 
increasing “sparseness” between the structures observed in the top-view SEM images 
from 4.10(a) to (d).  
Table&4.1:&Breakdown&of&[H2O2]&concentrations&used&in&different&samples.&
Samples Very High 
H2O2 
High H2O2 Control Low H2O2 
H2O (ml) 78 148 159 166 
HF (ml) 32 32 32 32 
H2O2 (ml) 90 20 9 2 
[H2O2] (M) 4.4 0.97 0.44 0.09 
[HF] (M) 4.6 4.6 4.6 4.6 
[H2O2]/[HF] 0.96 0.21 0.096 0.019 
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Figure 4.10: SEM images of Si nanowire morphology with increasing [H2O2] 
(from 0.09 M (a), 0.44 M (b), 0.97 M (c) to 4.4 M (d) at 4.6 M of HF. 
 
CHAPTER!4!Structural Characterization of Si Nanowires Synthesized by GLAD-CE!
! 81!
Figure 4.11a plots the PL spectra of Si nanowires etched at [H2O2] of 0.09 M, 
0.44 M and 0.97 M. Clearly, with increasing [H2O2], the PL intensity increases.  PL 
spectrum of the Low H2O2 sample peaked at 678 nm (1.83 eV) while sample Control 
peaked at 682 nm (1.82 eV) and High H2O2 at 678 nm (1.83 eV). Smaller nanocrystal 
size coupled with dense nanocrystals within the nanowires increases the probability of 
indirect to direct bandgap transitions and therefore result in stronger PL with 
increasing  [H2O2]. 
 
 
Figure 4.11: PL (a) and Raman spectra [325 nm UV (b), 488 nm visible (c) and 
785 nm NIR (d)] of Si nanowires etched with increasing [H2O2] from 0.09 M 
(Low H2O2), 0.44 M (Control) to 0.97 M (High H2O2).  !!
The UV Raman spectra of the 3 different cases are shown in Figure 4.12b. 
Etching with low [H2O2] of 0.09 M, gives a peak position 512.4 cm-1 (8.4 cm-1 red 
shifted from bulk Si) (FWHM 25.8 cm-1), Control (0.44 M [H2O2]) has a peak 
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position of 510.2 cm-1, 10.6 cm-1 red shifted from bulk Si (FWHM 20.4 cm-1) and 
high [H2O2] of 0.97 M, has a peak position at 512.4 cm-1, (8.4 cm-1 red shifted) 
(FWHM 47.3 cm-1). As the crystallite size decreases, we observed significant phonon 
softening. However, a slight blue shift of the High H2O2 sample compared to Control 
indicates stress relaxation by the nanocrystals within the nanowires matrix.  In 
addition a larger contribution of amorphous Si background is observed at high [H2O2] 
as seen by the asymmetric tail end at lower energy side (amorphous Si peak at ~475-
480 cm-1). Also the larger line width broadening at high H2O2 indicates wires are 
becoming more amorphous and there is a larger size distribution. All three cases show 
the presence of nanocrystallites at the top of the nanowires suggesting that porous 
wires are obtained at all three [H2O2] conditions.  
Visible Raman (Figure 4.11c), shows the highest Raman shift with Control 
compared to Low H2O2 and High H2O2. Low H2O2 has a peak position of 519.8 cm-1 
a red shift of 1 cm-1 from bulk Si, FWHM of 4.7 cm-1. The Control sample shows the 
peak position of 519 cm-1 with a red shift of 1.8 cm-1 from bulk Si and FWHM of 9 
cm-1. The High H2O2 sample shows the peak position at 520.4 cm-1 (red shift of only 
0.4 cm-1 from bulk Si) and FWHM of 3.5 cm-1. The small difference between High 
H2O2 and bulk Si is due to the morphology of the Si nanowires. The collapsed ribbon-
like nanowires result in the collection of mostly bulk Si signal due to the higher 
penetration depth at 488 nm. The NIR Raman spectra (Figure 4.11d) show the broader 
spectrum for High H2O2, which is due to the inhomogeneous size distribution of 
nanoparticles. 
To correlate optical properties, we have compared microstructures of samples 
using TEM. Figure 4.12 shows the TEM images of Low H2O2, Control and High 
H2O2 samples. TEM images of the Control sample have been discussed in Figure 4.4. 
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All three images show the presence of nanocrystallites, which were responsible for 
PL. In addition, increasing [H2O2] is seen to increase nanowire diameter. The 
nanowire etched in Low H2O2 concentration is observed to have a solid core with 
porous exterior while the thick nanowire etched in High H2O2 concentration is made 
up of a “sponge-like” porous network of nanocrystallites. This high density of 




Figure 4.12: TEM images of nanowires etched with increasing [H2O2]: (a) 0.09 M 
(Low H2O2), (b) 0.44 M (Control) and (c) 0.97 M (High H2O2) at [HF] of 4.6 M. 
Scale bar in inset in (c) is 20 nm. 
 
During MACE, the amount of H2O2 available (for a fixed [HF]) controls the 
supply of holes injected into Si. In Low H2O2, the initial supply of H2O2 is sufficient 
to inject holes and result in Si etching at both the Si-Au interface and away from the 
Au nanoparticle. This is also due to the efficiency of Au to decompose H2O2 as 
mentioned previously.[41] As less H2O2 is available with time, less holes are present 
for Si etching at the Au-Si interface and nanowire surface. The reaction comes to a 
stop when all H2O2 is used up resulting in the short and porous Si nanowires in Low 
H2O2. As more H2O2 is available in the Control sample, the nanowires obtained were 
longer and more porous throughout its length. There is no deficiency of H2O2 in the 
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High H2O2 case.  Throughout the etching process, more holes are injected into Si due 
to the decomposition of more H2O2 available at the Au catalyst. This results in greater 
Si dissolution at the Au-Si interface and on the nanowire surface (through hole 
diffusion). The enhanced etching of Si at both at and away from the metal catalyst in 
this solution results in the longer and more porous Si nanowires, i.e. the long 
nanoribbon like structures seen in Figure 4.10c. In addition, the rapid dissolution of Si 
results in the thinner nanowires to be completely etched away leaving behind the 
thicker nanowires (see Figure 4.12c) and also a lower density of nanowires (Figure 
4.10). When [H2O2] is increased further to 4.4 M, the additional supply of holes result 
in even more rapid dissolution of Si by HF. As more of the “nanoribbons” are etched 
away, these nanostructures get thinner, less dense and clump as shown in Figure 
4.10(d).  
We performed another series of experiment where the samples etched with 
0.97 M and 4.4 M of H2O2 were subjected to a 10% HF etch for 1 min after being 
exposed to ambient air for a period of more than 24 hours. Figure 4.13 shows SEM 
images of the two samples before and after etching in HF.  Very distinct nanocone 
structures are obtained after immersion in HF. The nanocones obtained from etching 
in 0.97 M H2O2 appear much longer compared to those obtained from etching with 
4.4 M H2O2. The enhanced oxidation of porous Si led to the formation of the 
nanocones upon etching of the oxide in 10% HF. The more porous nanowires 
obtained with higher [H2O2] experienced a greater degree of oxidation. This led to a 
greater removal of oxidized Si upon etching in HF resulting in the short nanocones 
obtained. These observations reveal the nature of microstructures, which can be tuned 
with processing parameters and their properties can be further explored toward optical 
sensors.  We further investigated the influence of HF concentration and etching 
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temperature on the MACE process and the resultant nanostructures obtained, which 
are described in Appendix A.  
 
 
Figure 4.13: SEM images of nanowires etched at 0.97 M H2O2 and 4.4 M H2O2 at 
4.6 M HF (a) as-synthesized and (b) after oxidation in ambient air and 10% HF 
dip for 1 min. !
4.8 Summary 
In summary, we studied the influence of etching parameters during MACE on 
the resultant Si nanostructure and morphology by studying the effects of key 
parameters such as type of metal catalyst and concentration of H2O2 in our GLAD-CE 
process. Raman characterization studies with three different excitation sources and PL 
studies were performed on these nanostructures. We presented an etching model that 
accounts for the formation of porous Si nanostructures. The excessive injection of 
holes into Si at the metal-Si interface and its diffusion to the nanowire surfaces (note 
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that the diffusion length of holes exceeds the length of the nanostructures) facilitate 
the etching of Si on these surfaces, which forms a porous Si network. The greater the 
dissolution of Si on the nanostructure surfaces, the more porous the surface becomes. 
The injection of holes depends on the reduction of the oxidizing agent (H2O2).  
We obtained “hay-stacked” mesoporous Si nanowires when etched with Au 
catalyst. We showed that nanowires etched with Ag were less porous than those 
etched with Au and only had a thin porous layer on the nanowire surface. This is due 
to the higher catalytic prowess of Au compared to Ag at decomposing H2O2. We 
observed a decreased in porosity in going from the top to the base of the nanowires 
etched in both cases. Increasing [H2O2] and etching temperature facilitates the 
decomposition of H2O2 and therefore results in more porous Si nanostructures. 
“Ribbon-like” nanostructures were obtained under condition of high [H2O2]. 
Increasing [HF] however, slows down the injection of holes and therefore results in 
less porous Si nanostructures formed (see Appendix A). At higher etching 
temperatures, nanostructures resembling “coral-like” structures were obtained (see 
Appendix A). This study on the influence of etching parameters on the morphology of 
Si nanostructures would be useful to a wide community who utilizes MACE as a 
means to fabricate Si nanostructures for applications in solar photovoltaics and 
sensors. We believe that such mesoporous Si nanowires may be beneficial for 
capturing and detecting biological and chemical species; and SEERS observations in 
such mesoporous structures are also suitable for biomedical applications.[28,32,33] 
 
  
CHAPTER!4!Structural Characterization of Si Nanowires Synthesized by GLAD-CE!
! 87!
4.9 References 
1. Yuan, G.D.; Zhou, Y.B.; Guo, C.S.; Zhang, W.J.; Tang, Y.B.; Li, Y.Q.; Chen, 
Z.H.; He, Z.B.; Zhang, X.J.; Wang, P.F.; Bello, I.; Zhang, R.Q.; Lee, C.S.; 
Lee, S.T. ACS Nano 2010, 4, 6, 3045. 
2. Chattopadhyay, S.; Bohn, P.W. Anal. Chem. 2006, 78, 6058 
3. Peng, K.Q.; Xu, Y.; Wu, Y.; Yan, Y.J. Lee, S.T.; Zhu, J. Small 2005, 1, 1062. 
4. Peng, K.; Jie, J.; Zhang, W.; Lee, S.T. Appl. Phys. Lett. 2008, 93, 033105. 
5. Hocbaum, A.I.; Chen, R.K., Delgado, R.D.; Liang, W.J.; Garnett, E.C.; 
Narjarian, M.; Yang, P.D. Nature 2008, 451, 163. 
6. Zhang, B.H.; Wang, H.S.; Lu, L.H.; Ai, K.L.; Zhang, G.; Cheng, X.L. Adv. 
Funct. Mater. 2008, 18, 2348. 
7. Wang, S.; Wang, H.; Jiao, J.; Chen, K-J; Owens, G.E.; Kamei, K-I; Sun, J.; 
Sherman, D. J., Behrenbruch, C.P.; Wu, H.; Tseng, H-R. Angew. Chem. Int. 
Ed. 2009, 48, 8970. 
8. Zhang, M.L.; Yi, C.Q.; Fan, X.; Peng, Q.; Wong, N.B.; Yang, M.S.; Zhang, 
R.Q.; Lee, S.T. Appl. Phys. Lett. 2008, 92, 043116. 
9. Xiu, Y; Zhang, S.; Yelundur V.; Rohatgi, A.; Hess, D.W.; Wong, C.P. 
Langmuir 2008, 24, 4126. 
10. Xiu, Y.; Zhu, L.; Hess, D.W.; Wong, C.P. Nano Lett. 2007,7, 3388. 
11. Chen, C-Y; Wu, C-S; Chou, C-J; Yen, T-J Adv. Mater. 2008, 20, 3811. 
12. Huang, Z.; Geyer, N.; Werner, P.; de Boor, J.; Gösele U. Adv. Mater. 2011, 
23, 2, 285. 
13. Li, X.; Bohn, P. W. Appl. Phys. Lett. 2000, 77, 2572. 
14. Tsujino, K.; Matsumura, M. Electrochimica Acta 2007, 53, 28. 
CHAPTER!4!Structural Characterization of Si Nanowires Synthesized by GLAD-CE!
! 88!
15. Choi, W. K.; Li, L.; Chew, H. G.; Zheng, F. Nanotechnology 2007, 18, 
385302. 
16. Robbie, K.; Sit, J. C.; Brett, M. J. J. Vac. Sci. Technol. B 1998, 16, 1115. 
17. Aste, T. Physical Review E 1996, 53, 2571-2579. 
18. Yang, Y. M.; Chu, P. K.; Pu, S. H.; Hung, T. F.; Huo, K. F.; Qian, G. X.; 
Zhang, W. J.; Wu, X. L. Appl. Surf. Sci. 2008, 254, 3061-3066. 
19. Magoariec, H.; Danescu, A. Phys. Status Solidi C 2009, 7, 1680. 
20. Bico, J.; Roman, B.; Moulin, L.; Boudaoud, A. Nature 2004, 432, 690. 
21. Wolkin M.V.; Jorne, J.; Fauchet, P.M., Allan G.; Delerue C. Phy. Rev. Lett. 
1999, 82, 197. 
22. Cullis, A.G.; Canham, L.T.; Calcott, P.D.J. J. Appl. Phys 1997, 82, 3, 909.  
23. Hocbaum, A.I.; Gargas, D.; Hwang, Y.J.; Yang, P. Nano Lett. 2009, 9, 10, 
3550. 
24. Tsu. R.; Shen, H.; Dutta, M. Appl. Phys. Lett. 1992, 60, 112. 
25. Seo, Y.H.; Lee, H-J; Jeon, H.I.; Oh, D.H., Nahm, K.S., Lee, Y.H.; Suh, E-K; 
Lee, H.J.; Kwang, Y.G. Appl. Phys. Lett 1993, 62, 1818. 
26. Chen, S-Y; Mock, J.J.; Hill, R.T.; Chilkoti, A.; Smith D.R.; Lazarides, A.A. 
ACS Nano 2010, 4, 11, 6535. 
27. Fan, J-G; Zhao, Y-P Langmuir 2008, 24, 14172. 
28. Kneipp, J.; Kneipp,  H.; Kneipp, K. Chem Soc. Rev. 2008, 37, 1052. 
CHAPTER!4!Structural Characterization of Si Nanowires Synthesized by GLAD-CE!
! 89!
29. Coffa, S.; Calcagno, L.; Campisano, S.U.; Galleri, G.; Feria, G. Journal of 
Applied Physics 1998, 64, 6291. 
30. Coffa, S.; Poate, J.M.; Jacobson D.C.; Frank, W.; Gustin, W. Phy. Rev. B 
1992, 45, 8355. 
31. Sánchez-Sánchez, C.M.; Bard, A.J. Anal Chem. 2009, 81, 8094. 
32. Terekhov, S.N.; Mojzes, P.; Kachan, S.M.; Mukhurov, N.I.; Zvavyi, S.P.; 
Panarin, A.Y.; Khodasevich, I.A.; Orlovich, V.A.; Thorel, A.; Grillon, F.; P-Y 
Turpin J. Raman Spectrosc. 2011, 42, 12. 
33. Chen G.D.; Fachin, F.; Fernandez-Suarez, M.; Wardle, B.L.; Toner Mehmet, 
Small 2011, 7, 8, 1061. 
 
  
CHAPTER!5!Fabrication of Si Nanostructure Arrays by IL-CE!
! 90!
CHAPTER 5 Fabrication of Silicon Nanostructure Arrays 
by IL-CE 
5.1 Introduction 
The ability to grow semiconductor nanowires via the vapor-liquid-solid (VLS) 
technique [1-5] has led to intense research activity on potential applications of 
nanowires in future electronic and optoelectronic devices and systems. Si nanowires 
have been successfully implemented in field effect transistors,[6] chemical sensors,[7] 
field emitters,[8] and solar cells.[9] However, there are limitations in using the VLS 
method.  Without the combination of ‘top-down’ techniques such as lithography, 
‘bottom-up’ approaches such as VLS cannot be used to create large ordered arrays of 
nanowires, and even this approach has proven to be difficult. There are also concerns 
with use of catalysts such as Au at the temperatures required for VLS processes, 
because the metal catalyst is likely to be incorporated in the wires. Additionally, the 
VLS technique only allows formation of cylindrical wires or pillars.  In many 
applications, one-dimensional nanostructures with other cross-sectional shapes would 
be useful.  For example, fin-like structures have higher surface-to-volume ratios and 
would therefore have higher efficiencies for sensing applications. Fin-shapes are also 
of great interest for use in Metal-Oxide-Semiconductor Field-Effect Transistors since 
the channel current can be more readily controlled than in planar or cylindrical 
structures.[10,11]   
In this chapter, we describe a process for creating perfectly ordered arrays of 
one-dimensional nanostructures with various cross-sectional shapes over large areas. 
Recently, two publications reported the fabrication of Si-nanowire arrays using metal-
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assisted chemical etching (MACE) of Si wafer surfaces.[12,13] The processes made 
use of locally ordered two-dimensional arrays of polystyrene sphere to form a lift-off 
mask for the patterning of silver films with arrays of holes.  Upon immersion in a 
mixture of H2O, HF and H2O2, the Ag films catalyzed the etching of Si beneath, 
resulting in Si nanowire array composed of the un-etched single-crystal Si. While the 
polystyrene spheres, and hence the nanowires, are locally ordered, the structure has 
defects and domains so that order is not maintained over large areas. Here, we 
demonstrate a new technique that utilizes IL (under various exposure conditions) 
together with a templated MACE process, which we name the IL-CE process for the 
synthesis of precisely located Si nanowires. 
 
5.2 Fabrication 
Figure 5.1 schematically illustrates the IL-CE process for the synthesis of Si 
nanowire arrays. N-type and P-type (100) Si wafers are coated with layers of 
photoresist (Ultra-i 123) approximately 400 nm thick, and cured at 90°C for 90s. The 
photoresist is then exposed using a Lloyd’s-mirror-type IL set-up [14, 15] with a 
HeCd laser source (λ = 325 nm). Exposure of the photoresist with periodic square 
patterns was achieved by two perpendicular exposures of ~40 s to 1 min each. The 
unexposed photoresist was then removed using Microposit MF CD-26 developer,[16] 
leaving behind circular-shape photoresist dots on the Si wafer surface. Because no 
antireflection layer was used on the Si substrates, the samples were subjected to an 
oxygen plasma etch (power of 30W, oxygen pressure of 0.5 mbar, etching time of 30 
to 120 s) to remove the residual unexposed photoresist at the Si interface, and to 
reduce the size of the photoresist dots. Au was thermally evaporated on the substrate 
to a thickness of ~25 nm, at a pressure of 10-6 Torr. The samples were then etched in a 
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solution of H2O, HF and H2O2 at room temperature.[13] The concentrations of HF and 
H2O2 were 4.6 and 0.44 M, respectively. Note that for the nanowires shown in Figure 
5.1, the etch time was fixed at 6 min and resulted in Si nanowires of ~1.5 µm height. 
The Au was then removed using a standard Au etchant. 
 
Figure 5.1: Schematic diagrams illustrating fabrication of Si nanowire arrays 
using a combination of interference lithography and MACE. !
5.3 Modulation of Cross Sectional Shapes 
Figures 5.2(a), (b), (c) and (d) show scanning-electron micrographs of 
cylindrical nanowires, nanofins, wires with oval cross-sections and nanogrooves 
respectively, all created using the process described above.  For creation of the 
cylindrical nanowires, the process outlined above was used with the two exposures 
carried out in perpendicular orientations (corresponding to a half-angle θ between the 
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two beams of 200). For the creation of nanofins, we changed the relative orientation 
between the two exposures from 90° for the creation of nanowires to 30° for creation 
of nanofins. For creation of nanowires with oval cross sections, the first exposure was 
done at θ = 20°, and it was followed by a second exposure at θ = 10°. Note that the 
order symmetry is also different in the three cases shown in Figure 5.2, with the wires 
arrays having square symmetry, the nanofins having body-centered rectangular 
symmetry, and the oval wires having simple rectangular symmetry. For the creation 
of nanogrooves, only a single exposure at θ = 20° was required. Only hexagonal 
symmetry can be obtained using polystyrene spheres in previous works;[12,13] As 
can be seen in Figure 5.2, the use of IL in conjunction with metal-assisted etching 
produces large-area arrays of nanostructures with high aspect ratios.  
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Figure 5.2: Scanning-electron-micrographs of (a) Si nanowires, (b) Si nanofins (c) 
Si nanowires with oval cross-sections and (d) nanogrooves obtained through 
interference lithography with different conditions combined with MACE. !
Understanding the influence of the exposure process requires a better 
understanding of its influence on resist exposure and the IL process. The fringe 
period, P, due to two exposures at 90° to each other is given by,  
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where λ is the wavelength of the light source (325 nm for the case of He-Cd laser) and 
θ the half-angle between the two interfering beams. With θ = 19°, the fringes would 
have a periodicity of ~500 nm.  
 
Figure 5.3: Photoresist dots after IL exposure and development process. (a) 
Creation of the nano-dots required two exposures carried out in perpendicular 
orientations (corresponding to a half-angle θ between the two beams of 200). (b) 
Nanofins, required relative exposures of 30° between the two exposure. (c) For 
the creation of nano-ovals, the first exposure was done at θ = 20°, followed by a 
second exposure at θ = 10°. (d) Nanogrooves, only required a single exposure at θ 
= 20°.  !
Figure 5.3 shows the residual photo resist features after IL performed at the 
various exposure conditions mentioned above. As can be seen in Figure 5.3(a), a 
square array of photoresist dots with the periodicity of ~500 nm were obtained on the 
sample. The plots of dose distributions for the first and second exposures are shown 
schematically in Figure 5.4(a) and (b). A superposition of the two perpendicular 
exposure of equal amplitude would give rise to the total dose distribution as shown in 
Figure 5.4(c) and (d). As seen in Figure 5.4(d), certain part of the resist received the 
dosage equivalent to the superposition of two intensity minima (“minimum” in Figure 
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5.4(d)). For positive resist, which was used in this work, this region of resist would 
remain undissolved after the development process. This would give rise to a square 
array of resist dots. Similarly, figure 5.5 shows the intensity profiles at θ = 19° and 30° 
between each exposure for the creation of nanofins. These “minima” were linked to 
each other by the “saddle” points,[15] which received the dosage equivalent to the 
overlap of intensity maximum and intensity minimum. These “saddle” points led to 
the occurrence of a thin layer of residual unexposed resist connecting the neighboring 
resist dots which were subsequently removed with an oxygen plasma process at 
oxygen plasma etching (power of 30W, oxygen pressure of 0.5 mbar, etching time of 
30 to 120 s).  
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Figure 5.4: Plot of the dose distribution impinging upon the resist during 
interference lithography. θ is fixed at 19° and λ of the laser source is 325 nm. The 
light regions represent high exposure, and the dark regions represent low 
exposure. (a) Plot of the dose distribution for the first exposure; (b) dose 
distribution for the second exposure, which was carried out at a perpendicular 
orientation.  (c) Plot of total dose distribution as a result of the superposition of 
two perpendicular exposures of equal amplitude. (d) A three dimensional view of 
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Figure 5.5: Plot of the dose distribution impinging upon the resist during 
interference lithography (θ = 19°, α = 30°, and λ = 325 nm). The light regions 
represent high exposure, and the dark regions represent low exposure. (a) Plot of 
the dose distribution for the first exposure; (b) dose distribution for the second 
exposure which was carried out at a 30° relative orientation.  (c) Plot of total 
dose distribution as a result of the superposition of the two exposures of equal 
amplitude. (d) A three dimensional view of plot c, showing the peak, saddle, and 
minimum of the dose distribution. !
5.4 Modulation of Nanostructure Height, Aspect Ratio and Pitch 
Figures 5.6 (a), (b) and (c) show SEM micrographs of Si nanowires of various 
heights obtained by varying the etching time of our process from 3 to 6 to 10 min, 
respectively.   Figure 5.7 shows results of tuning the diameter of Si nanowires. With a 
proper selection of exposure time and oxygen-plasma-etching conditions, one can 
(a)! (b)!
(c)! (d)! saddle! minimum!peak!
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Figure 5.6:  Scanning-electron-micrographs of Si nanowires of different heights 
obtained by varying the MACE time: (a) 3, (b) 6 and (c) 10 min.  !
 
Figure 5.7:  Scanning-electron-micrographs of Si nanowires with different 
diameters: (a) approximately 230 nm, and (b) approximately 150 nm. !
The density (D) of the Si nanowires produced using IL-CE is given by 
   , (5.2) 
where the half angle for IL exposure (θ) can readily be varied, and the wavelength of 
the laser source (325 nm in our case), can be changed. Figure 5.8 shows SEM 
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process. By changing θ from 5.5° to 19°, one can easily tune the nanowire density 
from 3.5 × 105 mm-2 to 4 × 106 mm-2.  It has been demonstrated that IL can be used 
for patterning at spacing as low as 100 nm [17] and it should be possible produce 
diperiodic structures with further reduced spacings in the future.[18]  It should also be 
noted that while periodic structures were made over very large 1cm2 area, techniques 
have been developed for use of IL to make perfectly periodic structures over the 
entire surface of 300mm wafers.[19]  
 
Figure 5.8:  Scanning-electron-micrographs of Si nanowires with different 
planar densities:  (a) 4x106   mm-2, (b) 1x106 mm-2, and (c) 3.5x105 mm-2. 
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In addition, we are able to synthesize a large area of precisely-located Si 
nanocones with well-controlled geometry on Si substrate by exploiting the enhanced 
oxidation characteristics of porous Si found in Si nanowires prepared from the IL-CE 
method which is discussed in detail in Appendix B. We found that porous silicon was 
formed near the Au catalyst during the fabrication of the nanowires. The porous 
silicon exhibited enhanced oxidation ability when exposed to atmospheric or in wet 
oxidation ambient. Very well located nanocones with uniform sharpness resulted 
when these oxidized nanowires were etched in 10% HF as shown in Figure 5.9. A 
wide range of potential applications of the nanocone array can be found as a master 
copy for nanoimprinted polymer substrates for possible biomedical research; as a 
candidate for making sharp probes for scanning probe nanolithography; or as a 
building block for field emitting tips or photodetectors in electronic/optoelectronic 
applications.[20-22]   
 
Figure 5.9: Process flow of the synthesis of Si nanocones from IL-CE Si 
nanowires. 
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5.5 Summary 
In summary, interference lithography combined with MACE provides a 
method for producing aligned Si nanostructure (nanowire, nanocone, nanofin and 
nanogrooves) arrays that are (i) perfectly periodic over very large areas (1cm2 or 
more), (ii) have cross-sectional shapes that can be varied, (iii) have array symmetries 
that can be varied, (iv) and have readily and independently controlled sizes and 
spacing, down to spacing of 200nm and below. The applications of such 
nanostructures will be discussed in Chapter 6 and 7. 
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CHAPTER 6 Biomimicking Applications of Silicon 
Nanostructures 
6.1 Wettability of Regularly Ordered Si Nanostructures 
 
6.1.1 Introduction  
Biomimicry of naturally occurring, highly water-repellent, superhydrophobic 
surfaces such as the lotus leaves [1,2] has attracted much research interest for 
applications such as self-cleaning, antifogging surfaces, fluid drag reduction and for 
humidity control for electronic devices.[3] Winkleman et al. observed that when 
regularly ordered nanocones fabricated by deep-RIE etching of Si were silanized, the 
surface demonstrated the interesting ability to pin droplets of water while maintaining 
large contact angles, indicative of a superhydrophobic surface.[4] In addition, they 
compared the wetting properties of regularly ordered Si nanopillars. This motivated 
us to study the wetting properties of our regularly ordered nanowires and nanocones 
as described in Chapter 5. 
 
6.1.2 Experimental 
IL-CE Si nanostructures were fabricated as described in chapter 5. The Si 
nanostructured surfaces were exposed to Trichloro (1H,1H,2H,2H- perfluorooctyl) 
silane in a desiccator for 12 hours. Contact angle (CA) measurements were taken with 
4 µl droplets of deionized water. A minimum of 5 measurements was taken per 
sample. 
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6.1.3 Wettability of IL-CE nanostructures 
Without the silanization, process, the Si nanostructured surface was observed 
to be superhydrophilic; water easily wetted the surface. This is in agreement with 
Wenzel’s model, which is given, by  
,  (6.1) 
 where θE is Young’s angle. It predicts that a hydrophilic/hydrophobic surface 
becomes more hydrophilic/hydrophobic with increased surface roughness.[5] θE of Si 
was measured to be 76°. Since θE is less than 90°, any roughness introduced on the Si 
surface enhances the hydrophilic nature of Si. 
Table 6.1 summarizes the CA measurements on the silanized Si nanocones 
and nanowire surfaces. CA measurements of 136° ± 5° were obtained on the 
nanocones surfaces; which is less superhydrophobic than the results presented by 
Winkleman et al.[4] Remarkably, the nanowire surface shows very different wetting 
properties. It was observed that the nanowire surface was so effective at repelling 
water; the water droplet does not wet the surface and remains attached to the needle as 
shown in Figure 6.1. When a droplet was dropped onto the surface, it was observed to 
roll-off very easily; showing superhydrophobic properties similar to that of the lotus-
leaf. This surface showed negligible hysteresis and surpasses the superhydrophobic 
properties of the nanoposts obtained by Winkleman et al.  
The high contact angle obtained can be explained by invoking the Cassie-
Baxter wetting state where water drops sit on a ‘pin-cushion’ of nanowires and does 
not penetrate into the nanostructures.[5] This model is valid when the contact angle θ0 
on a smooth surface of the same material is greater than 90º (we measured θ0 on a 
smooth silanized Si surface to be ~120º). The contact angle θ* on the textured surface 
is given as 
Er θθ coscos
* =
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  (6.2) 
where f is the fraction of the wetted surface comprised by the solid.[5] 
Table&6.1.&CA&measurements&of&nanostructures&fabricated&by&ILECE&
___________________________________________________________________ 
Structure pitch  diameter  height  CA  CA Hysteresis 
Nanowires 1 µm 400nm   2.5 µm ~ 180°  ~ 0° 
Nanofins 1 µm 300nm,  2 µm  ~ 180°  ~ 0° 
   1.2 µm 




Figure 6.1 (a) to (f) illustrates the sequence of events during CA measurements of 
Si nanowires and nanofins surfaces showing high contact angle and anti-wetting 
property.  
 
Comparing superhydrophobic surfaces reported in the literature, we observe 
that our nanostructures fabricated by IL-CE shows superior superhydrophobic 
properties compared to other regular ordered nanostructures.[4,6] Table 6.2 
summarizes the dimensions of the nanostructures used by Winkleman et al. and 
Martines et al. compared to our IL-CE nanostructures.[4,6] It is observed that our 
scale length can be described to be between those used in both studies but we observe 




(d) (e) (f) 
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better roll-off characteristics. We attribute the porosity of the nanowires fabricated by 
IL-CE for the enhanced anti-wetting properties and are currently looking into the 
effects of porosity on the superhydrophobicity of the nanostructures.  
Table&6.2.&Comparing&CA&measurements&of&this&work&with&others&
   IL-CE   Winkleman et al.  [4]  Martines et al. [6]  
Diameter 400 nm 200 nm  1.5 µm   117 nm 
Height   2.5 µm  1.5 µm   1.5 µm   792 nm 
Pitch   1µm  500 nm  3 µm   300 nm 
CA  ~180°  ~180°   ~140°   ~164° 




Though the Si nanowires and nanofins show roll-off superhydrophobicity, a 
drawback of the IL-CE technique for such application is the limited area of the 
superhydrophobic surface (~1cm2). For practical applications, such as integration of 
the superhydrophobic surface with microfluidic devices, the area of the 
superhydrophobic surfaces needs to be larger and scalable. This motivated us to 
explore alternative means of fabricating superhydrophobic nanostructured Si surfaces 
as described in the next section.  
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6.2 Application of GLAD-CE Nanowires for Modulation of 
Surface Wettability 
6.2.1 Introduction 
The ability to spatially address adhesive properties (i.e. sticking or roll-off 
behavior) of superhydrophobic surfaces, thereby selectively positioning and pining 
small spherical drops of liquids, would further enable compelling applications in 
microfluidic lab-on-chip devices and as platforms for biological and chemical 
detection and rapid analysis of complex bioactivities. The ability to selectively 
position and pin small spherical drops of liquids is valuable in developing sensitive 
methods for biological and chemical analysis and detection.[7-10] It is also an 
excellent platform for the study of interfacial chemical and biological reactions 
between liquid pearls due to the minimal interaction of the droplets with the 
underlying substrate.[11,12] Thus far, the fabrication of tunable superhydrophobic 
surfaces is quite challenging in that high-resolution photolithographic steps are 
required and/or spatial tailoring of wet-chemical experimental conditions over the 
region of interest with severely limited scalability and high cost.[4,13-16] In addition, 
there has been no report of a method/process that can simultaneously fabricate both 
low- and high-adhesion superhydrophobic surfaces on a single substrate which is 
primarily due to the different and independent fabrication techniques required.[4,17]  
In this section, we demonstrate (i) a process to fabricate superhydrophobic 
surfaces on nanostructured silicon (Si) that mimic the lotus- and petal-like wetting 
behaviors (described in Chapter 2) by tuning the morphology of nanowires on the Si 
surface and (ii) a method to fabricate ‘hybrid’ superhydrophobic surfaces on Si 
substrates with tunable, spatially selective, adhesive behavior. 
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The basic process steps of our method are schematically illustrated in Figure 
6.2 Briefly, it begins with the deposition of gold (Au) nanoparticles on Si by the 
glancing angle deposition (GLAD) technique, followed by the metal-assisted 
chemical etching of Si in a solution of H2O, H2O2 and HF where the Au nanoparticles 
act as the catalyst that resulted in the synthesis of Si nanowire arrays. We exploit the 
tunability of the deposited nanoparticle size distribution that is unique to the GLAD 
process to obtain Si nanowire arrays with different morphologies. These nanowire 
morphologies generated the micro- and nano-scale roughness that enables tuning of 
the wettability of the nanostructured surfaces. The detailed fabrication process is as 
follows. 
 
6.2.2 Fabrication of GLAD-CE Superhydrophobic Surfaces 
N-type (100) Si wafers were first cleaned by standard RCA1 and RCA2 
processes. The wafers were subjected to a 1-min etch in 10% HF prior to loading into 
an electron-beam evaporator. The chamber was pumped down to a pressure of 10-6 
Torr before commencing the GLAD process. The substrate normal was placed at an 
angle of 87° to the direction of the incoming flux and the substrate was rotated at a 
rate of 0.2 rpm. The samples were then etched for 20 min in a solution of H2O, HF 
and H2O2 at room temperature, with the concentrations of HF and H2O2 fixed at 4.6 
and 0.44 M respectively. The Au on the Si surface was then removed using a 
commercial Au etchant. The samples were next subjected to 10% HF etch for 1 min 
to remove any native oxide before silanization. The silanization process involved 
placing the samples in a desiccator for 12 hours under house vacuum (mTorr) with 6 
µl of tridecafluoro-(1, 1, 2, 2 tetrahydrooctyl)trichlorosilane, [CF3(CF2)5(CH2)2SiCl3], 
with surface energy of 13.22 mJm-2,[18]  to ensure monolayer coverage. The contact 
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angle measurement of bare Si increased from ~76.6° to ~119.1° after the silanization 
process. Deionized water droplets of 4 - 6 µl were used for all contact angle 
measurements. VCA Optima by AST Products Inc. was used for all contact angle 
measurements. All measurements reported were obtained from an average of 5 
measurements. The FEI NOVA SEM 230 was used for SEM characterization while 
the JEOL 2010F system was used for TEM characterization.  This method, which we 
call GLAD-CE, as discussed in Chapter 4, is entirely scalable over large areas and 
does not require complex lithography (such as electron-beam lithography) and etching 
processes (such as deep reactive ion etching), which are synonymous with the 
conventional top-down nanofabrication processes.  
 
Figure 6.2: Schematic diagram illustrating the basic processes utilized in the 
GLAD-CE process to fabricate Si nanowires followed by silanization of the 
nanowires to achieve superhydrophobicity. !
Figure 6.3 shows scanning electron microscope (SEM) images of Au 
nanoparticles on Si after the GLAD process. Figure 6.3a corresponds to a shorter-
duration GLAD (30 min deposition process) while 6.3b corresponds to a longer-
duration GLAD process (90 min deposition process). A longer duration of GLAD 
evaporation generally leads to larger Au nanoparticles. A longer duration does not 
imply that all the nanoparticles would be larger; a closer and tilted SEM image of 
Figure 6.3b, shown as an inset in 6.3b, reveals many smaller nanoparticles embedded 
between the larger ones. Figure 6.3c is a histogram of Au nanoparticle size 
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distribution between the two above-mentioned GLAD durations. The nanoparticle 
sizes were determined by manually measuring more than 200 nanoparticles from 
several digital SEM images similar to 6.3a and 6.3b. Figure 6.3 shows that the sample 
that undergoes a shorter-duration GLAD process, produces a more uniform 
distribution in the Au nanoparticle size with diameter mostly ranging between 10 to 
40 nm whereas a longer-duration GLAD process, contains a wide variation in size of 
Au nanoparticles with diameter ranging from 10 to 100 nm resembling Apollonian 
packing.[19] The size distributions of the nanoparticles will play an important role in 
the superhydrophobicity of our nanostructured Si surface, as will be discussed below. 
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Figure 6.3: Scanning electron microscope (SEM) images of Au nanoparticles 
deposited on Si via GLAD. (a) depicts Au nanoparticles performed for shorter-
GLAD duration. While (b) shows Au nanoparticles obtained from longer-GLAD 
duration. Inset in (b) is a bird’s eye view of the nanoparticles obtained from (b) 
showing the presence of a high density of smaller Au nanoparticles between the 
larger Au nanoparticles. The white arrows points to small Au nanoparticles 
between larger Au nanoparticles. (c) is a histogram showing the distribution of 
Au nanoparticle size from SEM images similar to (a) and (b). The nanoparticle 
sizes were determined by manually measuring more than 200 nanoparticles from 
several SEM images similar to (a) and (b).   
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Figure 6.4 shows SEM images of Si nanowires after metal-assisted chemical 
etching (in a solution of HF and H2O2) of the two types of samples described earlier. 
Figure 6.4a shows straight Si nanowires that were obtained from the sample with 
shorter-GLAD duration. For the sample obtained from longer-GLAD duration, the 
resulting Si nanowires are bent with pronounced clumps, as shown in Figure 6.4b. 
Both samples in Figure 6.4a and 6.4b were etched for 20 min resulting in nanowires 
of ~10 µm length. 
 
 




Figure 6.4: Morphology of Si nanowires fabricated by GLAD-CE. SEM images 
of nanowires from metal-assisted chemical etching of Si with Au nanoparticles 
from short-GLAD duration (a) and nanowires etched from Si with Au 
nanoparticles from long-GLAD duration (b). The insets in (a) and (b) are top 
view SEM images of the respective samples (scale bar refers to 10 µm). (c) and 
(d) are cross-sectional SEM images of the nanowires of (a) and (b) respectively. 
Insets in (c) (300nm scale bar) and (d) (500nm scale bar) show the presence of Au 
nanoparticles that have sunken to the bottom of the Si surface. (e) and (f) are 
TEM images of nanowires in (a) and (b) respectively. (g) and (h) are TEM 
images of nanowires from (a) and (b) with ~10 nm diameter.  
 
TEM analyses revealed that the Si nanowires with a typical thickness ranging 
from ~10 nm to ~ 100 nm were obtained from samples catalytically etched with Au 
nanoparticles obtained from both long- and short- duration of GLAD evaporation time 
(see Figures 6.4e, f g and h). Note that even though the nanowires in Figures 6.4a and 
6.4b have similar heights and diameters (due to similar etching duration), their 
morphologies are clearly different. The Si nanowires in Figure 6.4b show a much 
more significant degree of clumping than the straighter nanowires in Figure 6.4a. 
Hereafter, the surfaces resembling that of Figure 6.4a and Figure 6.4b will be referred 
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to as the straight-nanowire surface (SNS) and clumped-nanowire surface (CNS) 
respectively. 
   From the TEM images of Figures 6.4e and 6.4f, it is observable that the 
nanowire in Figure 6.4f is more porous than the nanowire in Figure 6.4e. The TEM 
image in Figure 6.4e shows a Si core surrounded by a porous Si surface while the 
TEM in Figure 6.4f shows a completely mesoporous Si nanowire. We believe the 
difference in porosity gives rise to nanowires of different rigidity; with nanowires 
from CNS sample being less rigid than those in SNS sample. Magoariec and Danescu 
have shown that as the porosity of Si increases, its Young Modulus decreases.[20] 
The lower rigidity of the nanowire in Figure 6.4f aids the elastocapillary coalescence 
[21] and results in the formation of clumps of nanowires in the CNS sample that 
resemble nanoscale “haystacks”. This is in agreement with the mechanism of 
capillary force-induced nanocohesion in nanoscaled structures presented by Duan and 
Berggren [22] and Zhao and Fan. [23] While most instances of capillary force-induced 
nanocohesion are considered as undesirable random event in high-aspect ratio 
structures,[24,25] this very phenomenon is exploited in our work to obtain interesting 
wetting properties on Si.  
6.2.3 Wettability Studies of GLAD-CE Si Nanowire Arrays 
Figure 6.5 shows images of contact angle (CA) measurements of deionized 
water on silanized nanostructured Si surfaces. Figure 6.5a shows a 6 µl drop of water 
on the CNS sample. The CNS sample proves to be very effective at repelling water, 
that at least a 6 µl drop of water was needed to make the CA measurements as drops 
of smaller volumes would remain on the syringe instead.  The CNS sample exhibits a 
CA of 156° ± 0.5° with negligible hysteresis and was observed to mimic the low-
adhesion superhydrophobic (“roll-off”) nature of a lotus leaf. CA hysteresis was 
CHAPTER!6!Biomimicking Applications of Si Nanostructures!
! 118!
measured by taking the difference between advancing CA and receding CA. 
Advancing CA was measured as the CA just before the contact line advances as water 
was dispensed on the surface. Similarly, the receding CA was measured as the CA 
just before the contact line recedes as water was withdrawn from the surface. Water 
droplets immediately roll-off the CNS sample even when placed on a flat surface. It is 
interesting to note that for the SNS sample, although a large CA of 150° ± 2° is also 
obtained (Figure 6.5b) the surfaces showed a high hysteresis of ~27°.  In addition, 
they exhibit an ability to pin a droplet of water, even with a tilting of the surface 
upside down (i.e., at a tilting angle of 180°) as depicted in Figure 6.5c. The SNS 
sample mimics the high-adhesion nature of a rose petal. We observed that the SNS 
sample was able to hold liquid droplets of up to 6.5 µl, which corresponds to an 
adhesion force of ~64 µN between the SNS and water droplet in order to keep the 6.5 
µl drop attached to the surface. This is better than other high-adhesion 
superhydrophobic surfaces reported recently.[4,26]  
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Figure 6.5: Contact angle measurements and wetting behaviors of the two 
different nanowire samples. (a) shows a 6 µl drop on water on the CNS (smaller 
volumes remained attached to the syringe). (b) shows a 4µl droplet of water on 
the SNS. (c) shows a 4µl droplet on the SNS at a tilting angle of 180°. 
 
Figures 6.6 are optical images demonstrating the wetting of non-silanized 
CNS sample. Water droplet was observed to immediately spread across the entire 
surface resulting in negligible CA (CA < 10°); indicating a superhydrophilic surface. 
A similar observation was observed on the SNS surface. Also Figure 6.7a is an SEM 
image of the CNS prior to silanization while Figure 6.7b is an SEM image after 
silanization; demonstrating that the deposition of organosilane during silanization 
does not significantly modify the morphology of the surface topography. 
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Figure 6.6: Optical images illustrating the superhydrophilic nature of the 
nanowire surfaces without silanization. (a) shows the non-silanized CNS surface 
just before in contact with the water droplet and (b) shows the resulting 
immediate spreading of water across the sample upon contact of the surface to 
the water droplet. 
 
Figure 6.7: (a) shows SEM images of  a CNS prior to silanization while (b) shows 
a CNS after silanization. This demonstrates that the deposition of organosilane 
does not significantly modify the surface topography of the nanowires. 
 
We further illustrate the different wetting behavior of the SNS and CNS by 
dispensing a drop of water of diameter of 1mm from a height of ~3 cm. Snapshots of 
the drop impinging on the Si surfaces, shown in Figures 6.8a and 6.8b, clearly 
illustrate the differences in wetting behaviors: the drop was seen to bounce off the 
CNS sample (the lotus-like surface) while the drop gets pinned, vibrates and 
eventually comes to rest on the SNS sample (the petal-like surface). Note that the CA 
1
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during dynamic drop impingement on the SNS was observed to be lesser than that 
measured during static CA measurement. Drop impingement is a dynamic process, 
and measured contact angles during impingement differ appreciably from 
measurements made on static sessile drops, as noted by Tsai et al.[25] 
 
Figure 6.8: Snapshot images from of water droplets impinging on the CNS (a) 
and the SNS (b) respectively 
 
We also deposited 3 nm and 12 nm of Au on Si by conventional thermal 
evaporation and subjected them to the same catalytic etching and silanization process 
mentioned earlier. We observed that the surface obtained by catalytically etching Si 
with 3 nm Au, was able to yield wetting properties similar to those of the SNS sample 
(CA of up to ~150° with high hysteresis). This is due to the straighter nanowires 
obtained from etching Si with such a discontinuous thin Au film. When the thickness 
of the Au film was increased to 12 nm, the film collectively sinks into the Si, forming 
a minimally roughened surface, which results in a decrease in CA measurements (up 
to 130-140°). SEM images of the catalytically etched 3 nm and 12 nm Au on Si are 
presented as Figure 6.9.  Xiu et al. similarly observed large contact angles with high 
hysteresis on nanostructured Si by depositing a thin layer of Au on Si followed by 
catalytic etching.[14] Thicker Au films similarly resulted in lower CA due to the 
CNS 
SNS 
0ms 66ms 99ms 166ms 
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reduced roughness. This illustrates that a surface produced with a simple catalytic 
etching of Si with conventionally evaporated Au on Si is not able to transit between a 




Figure 6.9: SEM images of catalytically etched Si surface with a 3 nm Au film (a) 
and 12 nm Au film on Si (b). (a) shows nanowire array while (b) shows Si stumps 
remaining on the Si surface. !
6.2.4 Theoretical Model for the Observed Wettability of CNS and SNS 
The CNS sample presents a smaller solid surface area to water drops as 
compared to the dense SNS sample. The high contact angles in both cases can be 
explained by the Cassie-Baxter wetting state given by equation 6.2.[5] As seen in 
Figure 6.10, contact angle measurements of both the SNS and CNS samples followed 
the predictions of the Cassie-Baxter equation quite closely. We estimated the solid 
fraction f, from digitally analyzed SEM images. Top-view digital SEM images of the 
SNS and CNS were first converted from the original grayscale into black and white 
images by applying a suitable threshold using the MATLABTM image processing 
toolbox (MathWorks Inc.). The solid fraction f was calculated as the ratio of white 
pixels (indicating the tips of the nanowires) to the total number of pixels constituting 
b a 
CHAPTER!6!Biomimicking Applications of Si Nanostructures!
! 123!
the image. Figure 6.11 shows the before and after converting images of an SEM 
image into a digitized black and white image.  
 
Figure 6.10: Plot comparing CA measurements obtained from the CNS and the 
SNS with the Cassie-Baxter equation. 
 
 
Figure 6.11: (a) shows a top-view SEM image of CNS surface while (b) shows a 
digitized, thresholded black and white image. Solid fraction was calculated as the 
ratio of white pixels to total number of pixels. 
 
Note that the CNS sample has an open, interconnected structure, with air gaps 
between adjacent clumped nanowire bundles in the 10 µm size range. The SNS 
sample, on the other hand, has a much more compact structure, with isolated air 
 
CNS 
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pockets of sub-micron width between adjacent bundles of nanowires. The high 
adhesion behavior of the SNS sample, therefore, cannot be explained by a transition 
from the Cassie-Baxter state to an impregnated Wenzel state; the open interconnected 
structure of the CNS sample is a more likely candidate for impregnation than the 
compact structure of the SNS sample.[26] The high adhesion in the Cassie-Baxter 
state may be explained by a combination of attractive van der Waals forces, much like 
the mechanism governing the remarkable adhesive properties of Gecko feet and 
capillary adhesion.  
Following the approach of Autumn and co-workers, [27] the van der Waals 
force (FV) between a silanized nanowire bundle on the SNS sample and a sitting water 
droplet may be estimated by approximating the tip of a bundle to be a sphere of 
fluorinated silane of radius R in contact with a plane water surface. Assuming a radius 
R of 50 nm, a cut-off distance d of 0.165 nm, [28] and estimating a silane-water 
Hamaker constant A as 3.7x10-20 J (A ≈ (Asil Awater)1/2, where Asil = 3.8x10-20 J and 
Awater = 3.7x10-20 J are the Hamaker constants of silane and water respectively,[29] we 
have FV = AR/6d2 ≈ 10 nN. A 4 µL water drop supported upside-down exerts a force 
of FG of 40 µN. Therefore, through this rough approximation, we estimate that a 
collective attractive force of ~5000 pillars can indeed balance the weight of the drop.  
The second important force that is likely to contribute to the superior adhesion 
of the SNS sample is the capillary adhesion. Air trapped in isolated pockets on this 
surface (these pockets are not present on the CNS) can exert a suction pressure PS on 
a drop during its withdrawal from the surface. Assuming a typical pocket height h and 
radius r of 10 µm and 2 µm, respectively, one can estimate a suction pressure 
 = 0.16P0 per pocket, where P0 is atmospheric pressure and σ 
= 0.072 Nm-1 is the air-water interfacial tension. This leads to a force per pocket of FC 
2
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~ 200 nN; the collective effect of multiple trapped air pockets could therefore 
contribute to the observed adhesion behavior. Our observations are also supported by 
the results of Lai et al.,[30] who reported a similar high-adhesion behavior in 
nanopore and nanotube arrays and low adhesion in more open and porous 
nanostructures.    
6.2.5 Effect of Varying GLAD Duration and MACE Etch Duration on 
Surface Wettability 
To better understand the relationship between GLAD duration, metal-assisted 
chemical etching duration and their effects on surface wettability, we further varied 
the deposition time during GLAD of Au. Intermediate GLAD durations between 
shorter-GLAD (~17 min) and longer-GLAD (~100 min) duration conditions were 
performed. Next, the Si was etched at varying etching duration and CA measurements 
were performed after silanization. Figure 6.12a is a plot of CA measurement with 
varying metal-assisted chemical etching duration at different Au GLAD durations. 
GLAD1 corresponds to shorter-GLAD duration conditions and GLAD4 corresponds 
to longer-GLAD duration mentioned earlier. GLAD2 (~33 min) and GLAD3 (~67 
min) refer to intermediates between the above two mentioned durations. It is observed 
that CA increases and saturates with increasing etching duration. The increase in CA 
with increasing etching duration is a consequence of longer nanowires, which results 
in increased clumping of nanowires as shown in Figure 6.12b. The clumping of 
nanowires helps in further reducing the solid fraction f required to achieve 
superhydrophobicity. Note that increasing GLAD duration for the same metal-assisted 
chemical duration makes the clumping of nanowires more severe in addition to 
increasing nanowire length. Increased nanowire height is attributed to the presence of 
more Au catalyst to facilitate the etching of Si with increased GLAD duration. 
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Increased nanowire clumping decreases the solid fraction and also increases the size 
of air pockets on the surface thereby making the surface more superhydrophobic. We 
also note that the sticking and roll-off characteristics do not show a sharp transition at 
the intermediate GLAD durations.  
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Figure 6.12: (a) is a plot showing CA with increasing metal-assisted chemical 
etching duration at increasing GLAD durations [(GLAD1 (17 min), GLAD2 (33 
min), GLAD3 (67 min) and GLAD4 (100 min)]. Lines are included as guides for 
the eye. (b) are SEM images of longer-GLAD duration etched for b(i) 2 min, b(ii) 
4min, b(iii) 10min and b(iv) 20 min. (c) are SEM images showing Si nanowire 
arrays with varying morphologies obtained by metal assisted chemical etching of 
Si for 20min with increasing GLAD duration, c(i), GLAD1, c(ii) GLAD2, c(iii) 
GLAD3 and c(iv) GLAD4.  
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6.2.6 Fabrication of Hybrid and Tunable Superhydrophobic Si Surfaces 
In the following paragraphs, we demonstrate the realization of spatial 
patterning of both low- and high-adhesion superhydrophobic surfaces simultaneously 
on the same substrate using our GLAD-CE method. Figure 6.13 shows an example of 
CNS and SNS fabricated on the same Si substrate with our method, with squares (0.5 
mm length) containing SNS surrounded by CNS regions. Figure 6.13a shows 4 µl 
water droplets resting on the SNS region. The inset in 6.13a shows the pinning ability 
of an SNS square surface when a droplet was placed on a square and the substrate 
inverted. Figure 6.13b is an SEM image showing the boundary between the CNS and 
SNS while the inset shows a low magnification SEM image of the above-mentioned 
squares. We observed that water droplets were unable to adhere on regions outside the 
square region (i.e CNS region) and were easily pinned within the square SNS region 
even when the substrate was tilted to 180°. 
The fabrication process for this hybrid superhydrophobic surface is shown in 
Figure 6.13c and is described as follows: First, photoresist squares of 0.5 mm in 
dimension were patterned on Si using conventional photolithography. Next a GLAD 
process was performed to deposit Au nanoparticles that gave rise to nanoparticles of a 
pre-defined value. When the photoresist was removed, the Au deposited on the 
photoresist was lifted off too. A second GLAD process was performed with a duration 
carefully controlled such that it resulted in the deposition of the Au nanoparticles with 
diameter in the range of 10-40 nm on the Si surface that was previously protected by 
the photoresist. Note that this second GLAD process would cause the larger gold 
nanoparticles (in region not protected by photoresist) to grow further. The Si was then 
catalytically etched and silanized as mentioned above. The SEM image in Figure 
6.13b further verifies our hypothesis that the clumped and straight Si nanowires can 
CHAPTER!6!Biomimicking Applications of Si Nanostructures!
! 130!
be simultaneously obtained by simply patterning and etching the Si with Au 
nanoparticles with different size distributions.  To the best of our knowledge, this is 
the first demonstration of simultaneous fabrication of both low- and high-adhesion 
superhydrophobic domains on the same surface using a single fabrication process. 
Figure 6.14 illustrates another surface with dual wetting characteristics similar 
to that in Figure 6.13 but with a larger defined area of SNS. The surface is made up of 
SNS defined in a square with dimensions of 2 mm surrounded by CNS illustrating the 
ability of our process to selectively define and control the wetting properties of a 
particular desired area. 
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Figure 6.13: (a) shows water droplets (of 4µl volume) on a hybrid high- and low-
adhesion superhydrophobic surface on a single Si substrate fabricated with both 
CNS (outside the squares) and SNS (within the squares). Inset in (a) is a picture 
of a droplet of water sticking in the region within the square when the Si 
substrate is inverted. (b) is a high magnification SEM image showing the 
different morphology of the nanowires within and outside of the defined squares. 
Inset in (b) is a low magnification SEM image of the square containing the SNS 
surrounded by CNS. (c) schematically illustrates the process flow to obtain the 
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Figure 6.14: (a) shows a Si surface fabricated with both CNS (outside the 
squares) and SNS (within the squares). Inset in (a) is a picture of a droplet of 
water sticking in the region within the square when the Si substrate is inverted. 
(b) is a high magnification SEM image of the boundary between the CNS and the 
SNS regions. Inset in (b) denotes a low magnification SEM image of the 2 mm 
square of SNS surrounded by regions of CNS. 
 
In addition, we are also able to fabricate surfaces with different wetting 
properties on the same substrate with the GLAD-CE process, as shown in Figure 6.15. 
Figure 6.15a shows a hydrophilic silicon dioxide (SiO2) surface, surrounded by the 
CNS region. Inset in Figure 6.15a shows a low magnification SEM image of the SiO2 
square surface (of 0.5 mm length) surrounded by the CNS surface. The ability to 
integrate the hydrophilic region surrounded by the superhydrophobic region 
artificially mimics the wetting characteristics of the wings of the Stenocara beetle in 
the Namib Dessert [31] on a Si substrate. To illustrate the wetting properties of such a 
surface, the substrate was simply immersed in deionized water and taken out. Figure 
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surface resulting in small droplets of liquid on the SiO2 surface only. Figure 6.15c 
schematically describes the fabrication process of the hybrid hydrophilic-
superhydrophobic Si surface. First, SiO2 was thermally grown on Si by thermal 
oxidation. Next square patterns of 0.5 mm were patterned on the surface by 
photolithography. The exposed oxide was then etched in 10% HF solution. This was 
followed by a GLAD process to obtain Au nanoparticles with diameters of 10-100 nm 
size distributions. Next MACE was performed for 20 min. The Au was then removed 
via commercial Au etchant. The surface was then subjected to a silanization process. 
Finally, the PR on top of the oxide squares was removed by immersing the substrate 
in acetone. 
The above-mentioned substrates demonstrate the versatility of our process to 
fabricate spatially selective hybrid superhydrophobic surfaces on a single substrate. 
Section 6.4 of this chapter will describe the utilization of the above mentioned hybrid 
superhydrophobic surfaces to study interfacial reactions between liquid pearls.  
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Figure 6.15: Si surface fabricated with two different wetting properties 
(hydrophilic-superhydrophobic Si surface). (a) is a high magnification SEM 
image showing the CNS around the SiO2 surface while the inset in (a) denotes a 
low magnification SEM image of the SiO2 square surface (0.5 mm length) 
surrounded by CNS. (b) is an image of the hydrophilic-superhydrophobic 
surface after immersion in water. Water was only capable of wetting the 
hydrophilic area resulting in small droplets confined on the hydrophilic SiO2 
surface while the CNS surface remains dry. (c) schematically illustrates the 
process flow to obtain Si surfaces with dual hydrophilic-superhydrophobic 
wetting properties. 
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6.2.7 Summary 
In summary, this section demonstrates the fabrication of hybrid 
superhydrophobic surfaces with spatially selective, tunable adhesion behavior on 
single substrates with a simple to implement method. The ability to selectively 
fabricate a superhydrophobic surface with a desired adhesion behavior with a single 
method as well as the ability to fabricate surfaces with different wetting 
characteristics on a single platform, paves the way for future applications as walls 
enclosing microfluidic channels, substrates for biological and chemical based analysis 
and detection where it is necessary to analyze a particular droplet of liquid in a 
defined location on a surface, or as a platform to study in-situ chemical mixing and 
interfacial reactions of  liquid pearls. Such a technique will be of interest to 
researchers from a wide range of fields spanning from engineering, chemistry to the 
biological community.  
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6.3 Modulation of Surface Wettability of Superhydrophobic 
Substrates Using Si Nanowire Arrays and Capillary Force-
Induced Nanocohesion 
6.3.1 Introduction 
There has been a growing interest in utilizing capillary forces for the synthesis 
of functional biomimetic surfaces; e.g., fabrication of micrometer-scale polymeric 
surfaces mimicking the adhesive properties of gecko’s feet [32] and self-assembly of 
synthetic fibers similar to macroscopic hairs of a brush.[21] In contrast, capillary 
effects are usually seen as a nuisance in the fabrication of high aspect ratio 
nanostructures[24] because the deformation and collapse of the nanostructures as a 
result of cohesion can greatly affect the intended application.[33]   
Recently several studies have investigated capillary-force-induced 
nanocohesion in great detail.[22,34,35] By controlling the height, pitch, diameter and 
stiffness of high-aspect-ratio nanostructures, their cohesion and the resulting 
hierarchical structures can be controlled and predicted. Thus far, there have been no 
investigations that have looked into the effects of the liquid medium on the resulting 
capillary-induced nanocohesion of high-aspect-ratio nanostructures.  
In this section, we exploit capillary-force-induced nanocohesion as a tool to 
simultaneously fabricate both low- and high-hysteresis superhydrophobic surfaces on 
a single Si substrate by simply modulating the drying process. In particular, the 
method described here allows one to produce nanowire arrays with different degrees 
of clustering that, in turn, lead to fabrication of ‘hybrid’ superhydrophobic surfaces on 
Si substrates with tunable, spatially selective, wetting behavior. 
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The basic process steps of our GLAD-CE process to fabricate vertical Si 
nanowire arrays have been described in detail in Chapter 4 and Section 6.2. We then 
exploit capillary-force-induced nanocohesion by drying the samples in different liquid 
media   (deionized water, 2-propanol and methanol) to tune the degree of aggregation 
of the nanowires to obtain Si nanowire arrays with different morphologies. The 
different degrees of clustering in different liquids change the wettability of the 
nanostructured surfaces. In addition, the versatility of the drying process enables one 
to fabricate Si nanowire arrays with different degrees of clustering, on a single 
substrate, and results in different wetting properties on one substrate.  
 
6.3.2 Experimental 
 The GLAD-CE process described in Section 6.2 was used to synthesize the Si 
nanowires. Immediately after MACE, the samples were taken out of the etching 
solution and rinsed in deionized water. Care was taken to ensure that the samples did 
not dry up while transporting between liquids. After rinsing, the samples were placed 
in a beaker containing deionized water, 2-propanol or methanol, sufficient to fully 
immerse the samples and were left to dry in air, under ambient conditions. This was 
followed by the silanization process described in Section 6.2 of placing the samples in 
a desiccator for 12 hours under house vacuum (mTorr) with 6 µl of tridecafluoro-(1, 
1, 2, 2 tetrahydrooctyl)trichlorosilane, [CF3(CF2)5(CH2)2SiCl3]. Deionized water 
droplets of 6 µl were used for all contact angle measurements. VCA Optima by AST 
Products Inc. was used for all contact angle measurements. All measurements 
reported were obtained from an average of 5 measurements. The FEI NOVA SEM 
230 was used for SEM characterization.  
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6.3.3 Tuning the Cluster Structures on the Substrate  
After metal-assisted chemical etching of Si, the GLAD-CE samples were rinsed in 
deionized water and left to dry in deionized water, 2-propanol or methanol. Figure 
6.16a, 6.16b and 6.16c are top-view SEM images showing the Si nanowire 
morphologies after drying in the respective solutions. Note that the different drying 
media cause significantly different nanowire cluster morphologies. In fact, 
interconnected cluster networks are formed. Because of the fine thickness of the 
nanowires, random distributions of the thicknesses, and random distances between the 
nanowires, it is difficult to quantify the actual number of nanowires per cluster.  The 
water-dried GLAD-CE sample consisted of nanowires with small clusters (~ 1 µm 
sized clusters at tips) while the 2-propanol- and methanol-dried samples consisted of 
larger clusters of nanowires (~ 3 and ~5 µm sized clusters at tips, respectively). The 
methanol-dried samples (Figure 6.16c) resulted in the largest degree of nanowire 
clustering; i.e. largest cluster size.  
 
Figure 6.16: SEM images of nanowires dried in (a) water, (b) 2-propanol and (c) 
methanol. Top images are higher magnification images. Insets show tilted SEM 
images of nanowire arrays. Scale bar in insets is 1 µm. 
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Figure 6.17 is a histogram of solid fraction f, representing the fraction of the 
surface comprised by the solid, which we estimated from digitally analyzed SEM 
images similar to Figure 6.16a, 6.16b, and 6.16c. A description on how f was 
calculated was presented in Section 6.2.4. The increase in average size of the cluster 
represents a higher solid fraction and therefore a higher solid-surface-to-air ratio. The 
smaller nanowire clusters of the water-dried sample led to the smallest solid fraction 
of 0.17, the 2-propanol-dried sample resulted in a solid fraction of 0.21 while the 
methanol-dried sample, consisting of the largest nanowire clusters, resulted in the 
largest solid fraction of 0.29.  
 
Figure 6.17: Solid fraction between different surfaces with different nanowire 
cluster sizes. 
 
In addition, we determined the percolation of the nanowire clusters. 
Percolation describes the connectedness of clusters and represents the probability that 
there exists an open path from one end of the network of connected clusters to 
another.[36] Figure 6.18 shows the percolation results from digitally analyzed SEM 
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obtained, SEM images of Figures 6.16a, 6.16b and 6.16c were first digitized into 
black and white pixels as shown in Figure 6.18 to only identify the tips of the 
nanowire clusters. The colored images in Figure 6.18 denote the percolation in the 
images. A percolation path is represented by a path of the same color moving from 
left to right in each image. Details on percolation measurement are presented in the 
next paragraph. Figure 6.18a shows that the small clusters in the water-dried sample 
do not form a percolation path. Although the largest nanowire cluster size was 
obtained in methanol-dried sample, its percolation length (see Figure 6.18c) is not as 
long as that in 2-propanol, as seen by the single colored (dark blue) path from left to 
right of Figure 6.18b. The nanowire clusters were more connected to each other when 
dried in 2-propanol-dried compared to methanol. The differences between solid 
fractions and percolation lengths will significantly affect the wettability between the 
surfaces as will be discussed in a later section. 
 
Figure 6.18: Percolation path from digitized SEM images in Figures 6.16. The 
top image represents the digitized SEM image selecting only the tips of the 
nanowire clusters. The colored images show the degree or percolation between 
the respective nanowire samples. a shows the percolation of the water-dried 
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sample, b is that of 2-propanol dried sample and c is the outcome from the 
methanol-dried sample. 
 
Top-view digital SEM images of the SNS and CNS were first converted from 
the original grayscale into black and white images by applying a suitable threshold 
using the MATLABTM image processing toolbox (MathWorks Inc.). Next Matlab 
image processing toolbox was used to determine clusters. For percolation analysis, the 
probability function, g(r), that a site a distance r away belonging to the same cluster is 
calculated. g(r) is taken as an exponential !!!!! , where xi is the percolation length. 
 
In order for a cluster of nanowires to cluster together and remain clustered, the 
capillary force exerted between the nanowires needs to be larger than the bending 
force required to sufficiently bend the nanowires to cause cohesion. [22,34,35] Also, 
for the nanowires to remain clustered, the short-ranged van der Waals forces between 
the nanowires need to be larger than the bending force. The size of a cluster depends 
on the balance of the three forces at work. Kang et al. expressed the net cluster size, N 
(average number of nanowires per cluster), based on static energy minimization as  
    !!~ !!!!!~ ! !!!!"#!!!!!(!!!)!!     (6.3)  
where EC is the capillary interaction energy, EE is the elastic energy term, h is the 
height of the nanowires, γ is the surface tension of the liquid, θ0 is Young’s angle 
(contact angle of liquid on flat surface), p is the distance between nanowires and D is 
the diameter of the nanowire.[34]  
The capillary force exerted between two nanowires by surface tension is related to 
the surface tension, γla, and Young’s angle, θ0, as follows,  
   !!" = 2!!!"!!!"#!(!!) !!(!!!!)    (6.4) 
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where R is the nanowire radius and d is the distance between nanowires.[35,37,38] In 
the above experiments on drying with different liquids, all other parameters were kept 
constant except the surface tension and the Young’s angle. One would expect that, 
with the change of the liquid medium from deionized water to methanol, the resulting 
reduction in surface tension should cause a smaller capillary force and that therefore 
the nanowires would cluster less in methanol than in water. However, the effect of 
Young’s angle, θ0 in the above equation, needs to be taken into account. Table 6.3 
summarizes reported values of γla and measured values of θ0 in the above experiment. 
By varying only the solution used in the drying process, we varied the term γla cos2 θ0 
in equations (6.3) and (6.4). Note that the low surface tension of methanol and 2-
propanol on Si results in a very small Young’s angle (θ0 ~ 0°); i.e., the liquid tends to 
wet the surface completely. This makes cos2 θ0 ~ 1. As Table 6.3 indicates, the γla cos2 
θ0 for methanol is the largest while it is smallest for deionized water. This accounts 
for the smallest cluster size of nanowires dried in water compared to what is obtained 
with drying in 2-propanol and the largest cluster size obtained by drying in methanol.  
Table&6.3:&Surface&tension&and&Young’s&angle&with&different&liquids.&
 γla (mN/m) 
at 25 °C 
θ0 (°) cos2 θ0 γla cos2 θ0 
Water 73 77 0.05 4 
2-propanol 21 ~0 1 21 
methanol 22 ~0 1 22 
 
In addition, if one models the nanowire as a cantilever beam fixed at one end, 
a force exerted at the free end of the beam results in the largest deflection, i.e., the 
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nanowires experience the largest deflection when the liquid meniscus is at the tips of 
the nanowires. The elastic force required to bend the nanowires is given by 
    !! = ! !!"!!!!!! ,      (6.5) 
where E is the Young’s modulus, L the height of nanowire and δ the deflection of the 
nanowire.[35] Recall that the GLAD-CE nanowires are mesoporous in nature (see 
Figure 4.4 in Chapter 4). Magoariec and Danescu have shown that, as the porosity of 
Si increases, its Young Modulus, E, decreases.[20] During the drying process, the thin 
nanowires experience the largest deflection when the liquid meniscus is at the tips of 
the nanowires. Here the large capillary force causes a sufficiently large deflection to 
cause neighboring nanowires to touch each other and thereby remain stuck due to 
strong van der Walls forces. When the liquid medium is changed from methanol to 
water, the applied capillary force decreases, resulting in smaller deflection, which is 
capable of bending only the nearby nanowires together and hence leading to the 
formation of smaller sized clusters.  Effects on capillary force-induced nanocohesion 
due to nanowire stiffness and length are discussed in the following paragraphs. 
We synthesized stiffer nanowires by modulating the metal assisted chemical-
etching of Si process (see TEM image of Figure 4.4 in Chapter 4) while keeping the 
height and the nanowire thickness similar and subjected the samples to the same 
drying process as mentioned earlier in deionized water, 2-propanol and methanol. 
Figures 6.19a, 6.19b and 6.19c show top-view SEM images of the stiffer nanowires 
arrays dried in the respective solutions. The average size of nanowire clusters, N, was 
observed to be smaller in all three cases compared to those in Figure 6.16. Due to the 
stiffer nanowires, E increases, and N, the cluster size, is smaller for all three cases as 
predicted by equation (6.3).  Note also that the difference in N was observed to be 
smaller between Figures 6.19a, 6.19b and 6.19c, compared to those of Figures 6.16a, 
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6.16b and 6.16c, as a consequence of the fact that for the same applied FST the stiffer 
nanowires deflect less and therefore cluster less.  
 
Figure 6.19: Top-view SEM images of drying with stiffer nanowires after drying 
in (a) water, (b) 2-propanol and (c) methanol.  
 
We reduced the duration of the metal-assisted chemical etching of Si process 
from 20 to 10 min. Doing so resulted in shorter nanowires of ~ 10 µm long. Figure 
6.20a, 6.20b and 6.20c show the corresponding top-view SEM images of the 
nanowire arrays after undergoing the same drying process in water, 2-propanol and 
methanol. For the same applied force on the nanowire, the shorter nanowires 
experience a smaller deflection (based on equation (6.5)) and hence are only capable 
of forming smaller sized clusters as predicted by equation (6.3). 
 
Figure 6.20: Top-view SEM images of 10 µm long Si nanowires after drying in 
(a) water, (b) 2-propanol and (c) methanol. !
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6.3.4 Surface Wettability of Clustered Si Nanowires 
Figure 6.21 shows images of contact angle (CA) measurements of deionized 
water (6 µl volume) on silanized nanostructured Si surfaces of Figure 6.16a, 6.316b 
and 6.16c. Note that we have shown in Section 6.2 that silanization does not alter the 
surface morphology of the nanowires. Table 6.3 summarizes the CA and hysteresis 
measurements of the surfaces. Interestingly, the silanized water-dried GLAD-CE 
sample exhibited the highest CA of 152.6° ± 0.2° with negligible hysteresis of 2°. We 
therefore achieved a lotus-like superhydrophobic surface via drying in water. The 2-
propanol dried sample exhibited a CA of 146.9° ± 0.1° with a hysteresis of 22° while 
the methanol-dried sample exhibited the smallest CA of 143.0° ± 0.1° with a 
hysteresis of 13°. Clearly, the degree of nanowire cohesion modulates the wettability 
of the surface.  
 
 
Figure 6.21: CA measurements on (a) water-dried, (b) 2-propanol-dried, (c) 
methanol-dried silanized GLAD-CE Si nanowire arrays.   !
Table&6.4:&CA&and&CA&hysteresis.&
 CA (°) CA hysteresis (°) 
Water-dried 152.6 ± 0.2 2 
2-propanol-dried 136.9 ± 0.1 22 
Methanol-dried 143 ± 0.1 13 
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As mentioned earlier, the different sizes of the nanowire clusters caused by 
variations in nanocohesion results in different solid fraction. The increase in average 
size of nanowire cluster increases the solid fraction of the surface and therefore results 
in a higher solid surface area to water, when a droplet sits on the surface. The high 
contact angles obtained from the three types of substrates can be explained by the 
Cassie-Baxter wetting state as given by equation 6.2.[5] Figure 6.22 shows that CA 
measurements on the respective clustered nanowire surfaces followed the prediction 
of the Cassie-Baxter equation quite closely. The water-dried nanowire surface made 
up of small clusters of nanowires results in the smallest solid fraction and hence, the 
largest CA measurements, as expected by the Cassie-Baxter model. Similarly, the 
methanol-dried sample consisted of the largest clusters of nanowires, presented the 
highest solid fraction seen by the water droplet and therefore the smallest CA.  
  
Figure 6.22: Measured CA to CB model of the various nanoclustered surfaces. 
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The CA hysteresis can be explained in terms of contact line pinning.[39,40,41] 
The contact line represents the region where the three phases, solid, liquid, and air 
meet. Based on a model by Quéré’s,[40] on a superhydrophobic surface in the Cassie 
state, made up of regular periodic pillars, the contact line pinning occurs at the 
perimeter of the pillars as water recedes over the posts. Similarly, Dorrer and Rühe 
[41] have shown that contact line pinning greatly distorts the water meniscus resting 
on a post. Both works showed that the greatest energy to move a contact line from one 
post to another as the droplet recedes occurs at the perimeter of the post. A larger 
perimeter results in greater pinning and macroscopically results in a larger 
hysteresis.[40,41] If we assume each nanowire cluster as a single post, the 
circumference of the tips of the nanowire clusters gives the perimeter of this “post”. 
The larger cluster size and percolation lengths in methanol-dried and 2-propanol-dried 
samples have a larger perimeter and therefore exhibit a larger pinning force on the 
water meniscus, which results in a larger CA hysteresis. The longer percolation length 
obtained from 2-propanol-dried sample represents a long contact line and therefore a 
large pinning capability that explains the highest hysteresis obtained with this sample. 
The small cluster of nanowires in water-dried sample results in a small perimeter per 
cluster and has a smaller pinning capability and translates to the negligible CA 
hysteresis observed. 
The nanowires were subjected to critical point drying (CPD) in order to 
eliminate any surface tension and capillary effects during the drying process as a 
comparison to the capillary-clustered nanowires. CPD refers to a process of removing 
liquid. The system is brought into the supercritical region (high temperature and high 
pressure state) where there is no longer a distinction between liquid and gas phases, 
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while keeping the density of liquid and vapor equal. In doing so, the effects of surface 
tension during drying are eliminated. Figure 6.23 shows the top-view and cross-
sectional SEM images of GLAD-CE nanowires after CPD. The nanowires appear 
straighter and significantly less clustered. It also shows the randomness of the spacing 
between nanowires and their thickness. CA measurements revealed a CA of 143.5° ± 
0.2° and a hysteresis of 10.3° on the silanized nanowires. We also note that that CA 
increased after several CA measurements. SEM images revealed that after CA 
measurements, the nanowires became more clustered; suggesting that nanocohesion 
took place during the CA measurement of the CPD sample. 
 
Figure 6.23: CPD dried GLAD-CE nanowire arrays. (a) is a top-view SEM 
image while (b) is a cross-sectional view.  !
6.3.5 Integration of Superhydrophobic Surfaces with Different Degrees of 
Adhesion on a Single Substrate 
In the following paragraphs, we demonstrate a simple method to integrate 
nanowire arrays with different degree of nanocohesion on one substrate by controlling 
the drying process and medium. This results in the ability to control and modulate the 
adhesion on a superhydrophobic substrate. 
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Figure 6.24 schematically describes and shows GLAD-CE nanowire arrays 
being partially dried in water and methanol. Upon etching in HF and H2O2 solution, 
the GLAD-CE sample was immediately rinsed in copious amounts of DI water. The 
sample was then withdrawn from the deionized water bath and partially immersed in 
methanol while still being wet. Half the sample was wet with water and exposed to 
air, while the other half was immersed in methanol. The sample was left until the 
methanol had evaporated. We do not observe a sharp transition between the water-
dried and methanol-dried regions. Instead, the average cluster size generally increases 
in moving from the water-dried to the methanol-dried region. SEM images in Figure 
6.24b illustrate the difference in cluster size in moving from the water- to the 
methanol-dried region. Next, the sample was silanized as mentioned previously. To 
illustrate the different wetting behavior of the substrate, a 4 µl droplet was dispensed 
on the water-dried region of the sample, which was inclined at an angle of 10°. Due to 
the low-hysteresis, superhydrophobicity of the water-dried region, the water droplets 
rolls down the surface and get pinned on the high-hysteresis, methanol-dried region. 
A similar observation was observed when the substrate was placed on a flat surface. 
 
Figure 6.24: Fabrication of two regions of differently clustered nanowires on one 
surface. (a) shows the drying method while (b) shows top view SEM images in 
moving from the left, water-dried, to the right, methanol-dried region.  
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The flexibility of our process grants us the freedom to also fabricate stripes of 
large-clustered, methanol-dried, Si nanowires between regions of water-dried 
nanowires. Figure 6.25a schematically illustrates the drying process employed and is 
described below. A piece of GLAD-CE nanowire surface was rinsed in DI water 
immediately after metal-assisted chemical etching. The wet sample was then placed in 
a beaker partially filled with methanol. The exposed region of the sample (wet with 
water) began to dry. The sample was left partially submerged in methanol and was 
left to evaporate for 2 hr upon which a width of 4 mm region of methanol-dried 
nanowires was obtained. The methanol was then drained from the container and filled 
with DI water till the end of marking from the methanol-dried region. The sample was 
left to completely dry till all the water evaporated to obtain the water-dried region of 
nanowires again. Figure 6.25b shows the different nanowire morphologies along the 
length of the sample showing the distinct clustering of nanowires due to different 
drying processes. Note that again a gradual transition of clustering was observed near 
both boundaries between methanol-dried and water-dried regions. After the drying, 
the samples undergo the same silanization process as mentioned previously.  
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Figure 6.25: Fabrication of striped superhydrophobic surface via capillary force 
induced nanocohesion. (a) schematically illustrates the drying method while (b) 
shows a water droplet resting on the methanol-dried region of the substrate and 
top-view SEM images of the region of the sample dried in water (far left and 
right image) and in methanol (center SEM image). Insets are higher 
magnification SEM images.  
 
To illustrate the different wetting behavior of the striped superhydrophobic 
surface, a 4 µl water droplet (~1 mm diameter) was dispensed on the water dried-
region of the sample. The water droplet rolled down the low-hysteresis 
superhydrophobic region and came to a stop and remained pinned upon reaching the 
methanol-dried stripe. The stripe of methanol-dried Si nanowires was capable of 
stopping the incoming droplet; much like an anchor of a ship. When a 16 µl water 
droplet (~ 4 mm diameter) was similarly dispensed on the water-dried region. Again, 
the water droplet rolled down the surface. However, due to the large volume of liquid, 
the stripe fails to stop the incoming drop. Momentum carries the huge droplet further 
down the stripe to the superhydrophobic region and rolls off the sample. The short 
distance of the stripe was unable to slow and stop the incoming droplet. This example 
illustrates the potential application of using the different wetting behaviors of the 
clustered nanowire surfaces as “rails” and “anchors” to guide the flow of droplets for 
potential microfluidic applications.[42] 
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6.3.6 Summary 
This study has presented a simple method to obtain a superhydrophobic 
surface with tunable adhesion properties, consisting of Si nanowire arrays with 
different wetting domains by utilizing capillary-force-induced nanocohesion during 
the drying process in different liquid medium.  
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6.4 Application of Tunable Superhydrophobic Surfaces for 
Bioinspired Synthesis of Hierarchically Structured 
Superparamagnetic Particles  
 
6.4.1 Introduction 
Living organisms have been observed to produce highly sophisticated and 
functional biominerals with unprecedented level of hierarchical control for protection, 
support, navigation and feeding. These intricate biomaterials are formed by nano-
scale ordered assembly of building blocks into multilevel hierarchical superstructures, 
which in turn leads to remarkable mechanical, optical and magnetic properties.[43-45] 
Traditional synthetic approaches to fabricate nanomaterials often require elevated 
temperatures and/or harsh conditions, whereas biominerals are usually produced 
under mild conditions (i.e. ambient temperature, pressure, etc).[46] Therefore, a good 
understanding of the biological mechanisms would allow material scientists to 
emulate and create new synthetic materials with superior properties, in an 
environmentally friendly and energy conserving manner.  
We have shown in Section 6.2 the fabrication of tunable superhydrophobic 
surfaces. Superhydrophobic surfaces with high-adhesion/low-adhesion 
superhydrophobic domains and hydrophilic/low-adhesion superhydrophobic domains 
were presented. We have eluded to the application of such surfaces as a platform for 
the intermixing of liquid pearls to study chemical/ biological reactions. In this section, 
we demonstrate the application of such substrates for bioinspired synthesis and 
characterization of hierarchically structured superparamagnetic particles.  
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6.4.2 Motivation to Fabricate Bioinspired Hierarchical Structures   
Calcium carbonate, calcium phosphate, silica and iron oxides are commonly 
employed in biomineralization.[45] Calcium carbonate, calcium phosphate and silica 
are often made for structural purposes in living organisms, while iron oxides are 
found to function as sensors in bacteria and animals due to their unique magnetic 
properties.[48] In recent years, there is increasing interest in the development of 
magnetic iron oxide nanoparticles due to their potential in a wide range of 
applications such as drug delivery, separation and purification, hyperthermia therapy 
and imaging.[50] The most common method to synthesize magnetic nanoparticles is 
co-precipitation technique due to ease of synthesis and high yield. However, this 
strategy often results in polydisperse particles.[49] Recent efforts to improve particle 
size distribution have been shown by using microdevices to synthesize iron oxide 
nanoparticles.[52] 
Monodisperse particles with superparamagnetic properties and high 
magnetization are often desired for their intended applications. Superparamagnetic 
behaviour requires single-crystal magnetic particles smaller than 15 nm.[53] However, 
the total magnetization of these particles, which is proportional to their sizes,  is 
insufficient to allow strong and rapid response to magnetic fields, hence limiting their 
use in practical applications.[54] Magnetic clusters with superparamagnetic properties 
and high magnetization have been known to exist in bacteria and some animals as 
magnetic receptors and are often utilized for navigation purposes.[47,48] Efforts in 
controlled synthesis of these clusters have only been addressed recently. Magnetic 
clusters are formed by clustering several superparamagnetic single crystal magnetic 
particles that are smaller than 15 nm. Controlled clustering of  magnetic nanoparticles 
has posed great challenges in the past few decades and several groups have succeeded 
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in synthesizing magnetic clusters that are superparamagnetic with high 
magnetization.[54-58] Clustering at liquid-liquid (or organic-aqueous) interfaces to 
produce nanocrystalline films of iron oxides have also been demonstrated.[59]  
Formation of architectures in living organisms is highly controlled and often 
proceeds via non-equilibrum processes, whereby chemical reactions are 
compartmentalized with spatial control of concentration gradients.[45] Living 
organisms also use biomacromolecules as templates for assembly of nanomaterials to 
form multiscale superstructures.[46] Inspired by nature’s way of fabricating complex 
architectures through spatial gradients of chemical concentration, we have attempted 
to mimic this strategy to form multilevel hierarchical crescents, using iron oxide as 
our model biomineral. Iron oxides used in this model is synthesized using 
coprecipitation of iron salts by addition of base.[49]   
 
6.4.3 Synthesis of Hybrid Superhydrophobic Surfaces and Iron Oxide 
Crescents 
The hierarchical iron oxide superstructures are synthesized on a hybrid 
hydrophilic-superhydrophobic nanostructured Si surface that mimics the wetting 
characteristics of the wings of the Stenocara beetle in the Namib Dessert.[31] A “sea” 
of superhydrophobic surface surrounds hydrophilic silicon dioxide square surfaces 
measuring 0.3 mm in length. Fabrication of the hybrid hydrophilic-superhydrophobic 
surfaces has been described in great detail in section 6.2  
 
For synthesis of iron oxide superstructures, 2.5 µL of solution containing 1.6 
M ammonium hydroxide and or 7.6 mM PAA (MW=1800) was first dispensed on the 
hydrophilic section of the substrate to form a droplet. Subsequently, another 2.5 µL of 
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iron salt solution (0.348 M of iron (III) chloride hexahydrate (99%), 0.174 M of iron 
(II) chloride tetrahydrate (99%)) was injected to fuse with the first droplet (containing 
ammonium hydroxide and PAA) on the substrate.  A black-coloured superstructure of 
iron oxide formed immediately, and water from the superstructure was evaporated 
prior to characterization.  
 
2.5 µL of solution containing various concentration of PAA (MW=1800) was 
first dispensed on the hydrophilic section of the substrate. Following that, another 2.5 
µL of aqueous black dye was injected to fuse with the first droplet (containing 
ammonium hydroxide) on the substrate.  Images were captured by a CCD camera 
(Basler, piA640). 
 
 The morphology of superstructure was characterized using scanning electron 
microscope (FEI NOVA 230 SEM) and transmission electron microscopy (TEM, 
JEOL 2100F). For TEM, the superstructures were dispersed in DI water and a drop 
of solution sample was placed onto a 200 mesh copper grid and imaged. Magnetic 
properties of superstructures were measured using a vibrating sample 
magnetometer (VSM, Lakeshore). The magnetic sample was first vaccum-dried 
into powder form prior to measurement. The viscosity of various PAA and PAA 
with NH4OH solutions were carried out using a u-tube viscometer (PSL,BS/U). 
 
6.4.4 Synthesis and Characterization of Iron Oxide Structures 
Figure 6.26 schematically illustrates the iron oxide synthesis process. Iron 
oxides used in this model are synthesized using co-precipitation of iron salts (FeCl2, 
FeCl3) by addition of base.[49] As polyelectrolytes, such as poly (acrylic acid) (PAA), 
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are known to form complexes with FeCl3,[60-62] we utilize PAA to provide structural 
support for the nanoparticles formed. Figure 6.27 schematically explains the reaction 
that takes place. As shown in Figure 6.26 and 6.27, our method involves fusing 
droplets that act as compartments containing various reactants. An aqueous droplet 
containing mineral salts (FeCl2, FeCl3) was fused with another droplet containing 
base (NH4OH) and PAA, followed by solvent evaporation. These drops incorporate 
spatial gradients in concentration of reactants. As they are fused, formation of PAA-
Fe complex [60-62] and spontaneous coprecipitation of the iron salts occur 
simultaneously at the interface within the drops. Nucleation of structural building 
blocks occurs instantaneously at the interfaces within the drops and the iron oxide 
nanoparticles formed are simultaneously deposited on the PAA-Fe complex, forming 
hollow hierarchically structured superparamagnetic particles (HHSSP). 
 
Figure 6.26: Schematic representation of experimental procedure to fabricate 
hollow hierarchically structured superparamagnetic particles (HHSSP) on 
hybrid hydrophilic-superhydrophobic Si substrates. 
 
CHAPTER!6!Biomimicking Applications of Si Nanostructures!
! 158!
 
Figure 6.27: Schematic representation illustrating formation of hollow 
hierarchically structured superparamagnetic particles (HHSSP). 
 
The ability to synthesize the unique HHSSP superstructures is possible due to 
the unique substrate used in this work. Figure 6.28 shows SEM images of the 
structures formed on a flat Si wafer. As shown in Figure 6.28, no superstructures are 
obtained. This is due to the hydrophilic nature of the substrate. As the hydrophilic Si 
surface has a contact angle of ~77°, the droplets spread out on the surface as soon as it 
was placed on the substrate. The spreading of the liquids on the flat surface results in 
a non-uniform reaction. Figures 6.28c and 6.28d show the localized polymer and iron 
oxide structures formed on the flat Si substrate. 
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Figure 6.28: SEM images of iron oxide structures synthesized on flat Si substrate 
(a and b). (c) shows the localized PAA and d) shows the localized iron oxide 
particles. No superstructures were obtained.  
 
Placing the droplets on the hydrophilic oxide squares of the hydrophilic-
superhydrophobic substrates, pins the position of the droplet at this location (hence 
the iron-oxide superstructure) while the surrounding superhydrophobic surface forces 
the formation of liquid pearls. Due to the large contact angle (~150°), the droplet 
forms on the surface. The ability to maintain the liquid pearl shape facilitates the 
formation of the hierarchical structures only at the interface of the droplets and results 
in the superstructures shown in Figures 6.29d and 6.30 discussed below. 
Characterization of the HHSSP is shown in Figure 6.29. From Figure 6.29a, 
the macroscopic structure (level 3) comprises of sub-micron particles (level 2), which 
consist of single-domain iron oxide nanocrystals (level 1). Figure 6.29b-d displays the 
microscopy images of HHSSP (see Figure 6.30 for more images of HHSSP). Higher 
magnification images of HHSSP reveal three levels of hierarchy: single-domain 
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nanocrystal, secondary structures of sub-micron particles (100 nm – 5 mm) and 
assemblies of these secondary structures into macrostructures (1 - 2 mm). The 
presence of single-domain nanocrystal in the HHSSP is further validated by vibrating 
sample magnetometry (VSM) measurements (Figure 6.29e). The reversible 
magnetization curve without hysteresis showed that they exhibited superparamagnetic 
behaviour at room temperature.[49] As the droplets are fused, diffusion of iron salts 
across the interface results in the simultaneous formation of PAA-Fe complex and 
iron oxide nanoparticles within the droplet interface. The PAA-Fe complex forms a 
gel-like structure within the droplet interface and provides structural support for the 
iron oxide nanoparticles formed as they deposit on the PAA-Fe complex. As iron 
oxide nanoparticles nucleate and grow, neighbouring nanoparticles begin to merge. 
This aggregation continues to a critical size where further growth is prevented by the 
electrostatic repulsion from the PAA, and result in the secondary structures of the 
HHSSP.  
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Figure 6.29: (a) Schematic illustration of HHSSP. Microscopy images of HHSSP 
formed using 7.7 mM PAA (b) TEM images showing single-domain nanocrystals. 
(c) SEM images illustrating secondary particles. (d) SEM images of HHSSP. (e) 
Magnetization M/MS (MS is the saturation magnetization) of HHSSP measured 
by VSM. 
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Figure 6.30: SEM images of HHSSP (PAA concentration = 7.7 mM). Scale bars 
are 500 mm. !
6.4.5 Influence of PAA 
Spatial concentration gradients in the droplets are achieved by polymers, such 
as PAA used here, as “macromolecular crowders” to delay mixing of reactants. 
Polymers have been widely applied to mimic macromolecular crowding in cell 
models due to their ability to partition into various thermodynamic phases with 
addition of external stimuli.[63,64] From Figure 6.31, the effect of controlled 
demixing caused by presence of PAA is demonstrated by adding dye droplets to 
aqueous droplets containing various concentrations of PAA. With increasing PAA 
concentrations, time taken for dye to homogenize in the fused droplets increases. This 
is due to increase in crowding caused by PAA in the droplet environment. Figure 6.32 
shows SEM of HHSSP structures synthesized with varying PAA concentrations. At 
PAA concentration of 19 mM and 114 mM, excessive crowding due to the polymer 
took place and no superstructure was synthesized. The high PAA droplets were also 
observed to spread onto the superhydrophobic regions of the substrate and did not 
maintain its pearl like shape.  
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Figure 6.31: Stereomicrographs showing delayed mixing of aqueous black dye 
with increasing PAA concentration. Scale bars represent ~1 mm. !
 
Figure 6.32: SEM images of iron oxide superstructures at varying PAA 
concentrations.  
 
6.4.6 Influence of PAA-Fe Complex 
In order to ascertain the role of PAA-Fe complex in the formation of HHSSP, 
the following experiments were conducted. In the absence of PAA, a collapsed 
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precipitate is formed (Figure 6.33a). The iron oxide nanoparticles formed lack 
structural support and thus form a collapsed precipitate. In order to validate that 
addition of PAA to iron salts results in the formation of PAA-Fe complexes, we fused 
an aqueous droplet containing iron salts (FeCl2, FeCl3) to another aqueous droplet 
containing only PAA (NH4OH is absent). SEM images of a PAA-Fe complex gel are 
shown in Figure 6.33b. The PAA-Fe complexes therefore act as structural support for 
iron oxide nanoparticles formed by coprecipitation. Control experiments with PAA 
alone were also performed to validate that the iron ions were responsible for 
formation of PAA-Fe complex gel. From Figure 6.33c, a thin film of dried PAA is 
observed on the silicon surface and no complex gel is formed.  
 
Figure 6.33. SEM images of (a) iron oxide precipitate formed using 0 mM PAA 
(b) PAA-Fe complex formed from addition of iron salts to PAA (PAA 
concentration = 7.7 mM). (c) Control experiment of PAA only (PAA 
concentration = 7.7 mM), dotted area represents hydrophilic grid of silicon 
surface. A droplet containing DI water (instead of iron salts) was added to the 
PAA droplet in this experiment. d) Iron oxide precipitate formed by fusing 
aqueous droplet containing mineral salts (FeCl2, FeCl3) with another droplet 
containing base NH4OH and PEG. Insets show higher magnification of the 
structures formed.  !
In addition, we also conducted the same reaction using poly (ethylene glycol) 
(PEG) (MW = 1000, ~22 repeat units per chain, 8.6 mM was used in order to obtain 
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approximately the same total number of repeat units as 7.7 mM PAA) with similar 
number of repeat units as the PAA (MW = 1800, ~25 repeat units per chain). PEG is 
non-ionic and thus does not interact electrostatically with FeCl3. We fused an aqueous 
droplet containing mineral salts (FeCl2, FeCl3) with another aqueous droplet 
containing base NH4OH and PEG. From Figure 6.33d, a collapsed precipitate is 
formed. Therefore, this indicates that PAA-Fe complex is responsible for the 
formation of HHSSP. Lastly, it is well established in the literature that viscosity of 
polyelectrolytes, such as PAA, increases with pH due to uncoiling of the polymer 
chain by electrostatic repulsion of the constituents.[62] Therefore a high viscosity 
media might create local variation in concentration gradient and lead to formation of 
HHSSP. We measured the viscosity of various concentrations of PAA, and PAA and 
NH4OH mixtures respectively shown in Figure 6.34, and observed that the 
concentration of PAA (7.7 mM) applied in our experiments is still quite low (~1.2 
mPa.s). Therefore, the effect of viscosity is negligible. From these observations, we 
hypothesized that the formation of HHSSP is due to the PAA-Fe complex. 
 
Figure 6.34: Viscosity profile of PAA, and PAA with NH4OH mixture. 
Concentration of NH4OH is maintained at 1.4 M for all experiments containing 
NH4OH. 
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6.4.7 Influence of Underlying Substrate on Morphology of Iron Oxide 
Crescents 
Besides modifying the morphology of the superstructure by tuning the PAA 
concentration, we were able to further change the shape by changing the substrate 
used. Figure 6.35 compares the morphology of the iron oxide superstructures 
synthesized on a low-adhesion–high-adhesion superhydrophobic domains presented 
in section 6.2 to the hydrophilic-superhydrophobic substrate. By changing the 
hydrophilic region to the high-adhesion superhydrophobic region (petal-surface), the 
wetting between the droplet and the substrate is reduced. Due to the high adhesion 
nature of this superhydrophobic surface, liquid droplets placed on this region was 
pinned to the high-adhesion surface allowing the reaction to take place without the 
droplet rolling away. By minimizing the interaction of the droplet on the surface, by 
replacing the hydrophilic oxide surface with a bed of straight nanowires, the curvature 
of the iron oxides cups is modified, with the cup-like structure having a larger 
opening and a narrower base. 
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Figure 6.35: Difference in iron oxide superstructure morphology when 
synthesized on (a) a hydrophilic pad on the hydrophilic-superhydrophobic 
substrate and (b) a high-adhesion superhydrophobic pad on a high-adhesion-
low-adhesion superhydrophobic substrate. 
 
6.4.8 Summary 
In summary, we have demonstrated the fabrication of multilevel hierarchical 
macrostructures, which are composed of organized assembly of nano-scale building 
blocks that are inspired by living organisms. This is achieved by fusing droplets that 
act as compartments containing various reactants. Such superstructures are able to be 
synthesized due to the minimized substrate-liquid interaction provided by the hybrid 
superhydrophobic substrate These drops incorporate spatial gradients in concentration 
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of reactants and HHSSP are formed within the droplet interface as they fuse.  The 
formation of PAA-Fe complex coupled with spontaneous coprecipitation of the iron 
salts within the droplet interface result in nucleation and deposition of iron oxide 
nanoparticles on the PAA-Fe complex. PAA was utilized to form PAA-Fe complex 
and provide structural support for the iron oxide nanoparticles formed. Nature’s 
synthetic routes are well controlled and a good understanding of their strategies would 
allow fabrication of materials through well-planned designs, rather than the current 
state of trial and error methods. Further study of living organisms’ approach to 
synthesize biominerals is crucial as it provides new synthetic routes for fabricating 
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CHAPTER 7 Biomedical Applications of Silicon 
Nanostructures 
7.1 Application of Si Nanostructures for Potential 
DNA/Protein Detection in Microarrays 
 
7.1.1 Introduction 
DNA microarrays consists of multiple testing sites that are used for molecular 
detection of a particular targeted molecule. A signal from the successful hybridization 
between two complementary DNA strands is detected by fluorescence.[1,2] As 
discussed in Chapter 2, researchers are currently seeking to increase the fluorescence 
signal. This is done by attaching more probe sites on the substrate surface by 
increasing the surface area of the substrate as demonstrated by Murthy et al.[3] and Li 
et al.[4] Murthy et al. used deep-UV lithography and reactive ion etching techniques 
to create ordered, nanopillar arrays on the surface of Si while Li et al. have 
demonstrated protein microarrays on porous Si surfaces fabricated by metal-assisted 
catalytic etching of Pt film on Si in EtOH, H2O2 and HF. 
In this section, we compare three types of nanostructured Si surfaces to a flat 
Si surface for application in DNA/protein detection: (i) regularly patterned Si 
nanopillar substrates fabricated by IL-CE (discussed in Chapter 5), (ii) non-ordered 
dense Si nanowire arrays fabricated by GLAD-CE (discussed in Chapter 4) and (iii) 
roughened Si surfaces. 
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Figure 7.1 schematically illustrates the fabrication technique of the different 
substrates used in this study and is explained in greater detail in section 7.1.2. In 
Chapter 5, we described a process (IL-CE) for creating large, perfectly ordered arrays 
of one-dimensional nanostructures with various cross-sectional shapes by employing 
interference lithography together with metal-assisted chemical etching (MACE) of Si 
in H2O2 and HF solution. It is possible to obtain large areas of nanopillars similar to 
those fabricated with deep-UV lithography with our IL-CE process. However, our 
method has the advantage in that the same nanopillars can be made at a significantly 
lower cost. In addition, we are also capable of lithography-less fabrication of Si 
nanowire arrays with high density and aspect ratio over large areas via our GLAD-CE 
technique as discussed in Chapter 4. This technique utilizes Au nanoparticle 
deposition by glancing angle deposition technique (GLAD) followed by MACE of Si 
in H2O2 and HF solution. While IL-CE produced perfectly ordered Si nanowire 
arrays, GLAD-CE produced randomly ordered Si nanowire arrays but with much 
higher nanowire densities per unit area. The roughened Si surfaces were fabricated by 
metal-assisted chemical etching of Si with thin Au film in H2O2 and HF solution. Flat 
oxidized Si surfaces (hereafter referred to as flat-Si) were used as control for all 
experiments. 
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Figure 7.1. Fabrication of the different Si nanostructures used for this work. !
7.1.2 Experimental 
 For all the differet types of surfaces fabricated, N-type (100) Si wafers 
(resistivity 10 Ω cm) were first cleaned via standard RCA1 (H2O - H2O2 - NH4OH: 
5 – 1 - 1 at 80°C for 10 - 12 min)  and RCA2 (H2O - H2O2 - HCl: 6 - 1 - 1 at 80°C 
for 10 - 12 min) procedures. The wafers were then subjected to a 1 min dip in 10% 
HF solution to remove any native oxide present.  
 
Flat SiO2 surface 
Typically, DNA or protein microarrays are fabricated on quartz substrates. In 
order to simulate such a surface on Si, a thin oxide layer is thermally grown on Si. 
This oxidized flat Si surface acts as a control between the different nanostructured 
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surfaces. The Si wafers were subjected to a dry thermal oxidation process at 900°C 
for 35 min. This oxidation recipe was also used for all surfaces mentioned below. 
 
Roughened Si surface 
  2 - 3 nm Au film was thermally evaporated on the Si substrates. The wafers 
were then subjected to a catalytic etching process for 2 – 4 min  in a  solution of 
H2O, HF and H2O2 at room temperature with the concentrations of HF and H2O2 
fixed at 4.6 and 0.44 M, respectively. The Au was then removed using a standard 
Au etchant. This same catalytic etching receipe was also used for the fabrication 
of Si nanowires via IL-CE and GLAD-CE methods as mentioned below.  Finally, 
the wafers were subjected to an oxidation process.  
 
Si nanopillars via IL-CE 
  N-type and P-type (100) Si wafers are coated with layers of photoresist 
(Ultra-i 123) approximately 400 nm thick, and cured at 90°C for 90s. The 
photoresist is then exposed using a Lloyd’s-mirror-type IL set-up with a HeCd 
laser source (λ = 325 nm). Exposure of the photoresist with periodic square 
patterns was achieved by two perpendicular exposures of ~40 s to 1 min each. The 
unexposed photoresist was then removed using Microposit MF CD-26 developer, 
leaving behind circular-shape photoresist dots on the Si wafer surface. Because no 
antireflection layer was used on the Si substrates, the samples were subjected to an 
oxygen plasma etch (power of 30W, oxygen pressure of 0.5 mbar, etching time of 
30 to 120 s) to remove the residual unexposed photoresist at the Si interface, and 
to reduce the size of the photoresist dots. Au was thermally evaporated on the 
substrate to a thickness of ~25 nm, at a pressure of 10-6 Torr. The samples were 
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then etched in a solution of H2O, HF and H2O2 at room temperature. The 
concentrations of HF and H2O2 were 4.6 and 0.44 M, respectively. The chemical-
etch time was fixed at 6 min and resulted in Si nanowires of ~1.5 µm height. The 
Au was then removed using a standard Au etchant.This was follwed by oxidation. 
 
Si nanowires via GLAD-CE 
  N-type (100) Si wafers were subjected to a 1-min etch in 10% HF prior to 
loading into an electron-beam evaporator. The chamber was pumped down to a 
pressure of 10-6 Torr before commencing the GLAD process. The substrate normal 
was placed at an angle of 87° to the direction of the incoming flux and the 
substrate was rotated at a rate of 0.2 rpm. The samples were then etched in a 
solution of H2O, HF and H2O2 at room temperature with the concentrations of HF 
and H2O2 fixed at 4.6 and 0.44 M, respectively. The Au on the Si surface was then 
removed using a standard Au etchant. This was follwed by oxidation. 
 
Amination and direct coupling to Cy5-NHS 
All the above Si surfaces were aminated with 2% 3-
aminopropyltriethoxysilane (APTS, Pierce, IL, USA) in absolute ethanol for 12 h. 
The aminated Si chips were washed with ethanol and incubated at 60°C for 12 h. To 
examine the surface density of the functional groups, the aminated Si chips were 
coupled to various dilutions (1:10 to 1:100,000) of Cy5-NHS ester (GE Healthcare, 
NJ, USA). The reaction was carried out in 0.1 M 2-(N-morpholino)ethanesulfonic 
acid (MES, Sigma, MO, USA) buffer (pH 6.3) for 2 h at 37°C in a humid chamber. 
The chips were then washed in boiling 0.1% SDS, rinsed with double distilled water 
and dried with absolute ethanol. Fluorescent images were obtained from scans on 
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GenePix 4000B Array Scanner (Molecular Devices, CA, USA). Relative fluorescent 
unit (RFU) readings of the coupled Cy5 on each chip were quantified from nine 
replicate positions using GenePix Pro Version 4 software (Molecular Devices). 
 
7.1.3 DNA/Protein Microarray Process Flow  
In this study, the nanostructured Si surfaces were developed for potential high-
density capture and detection of DNA and protein molecules as depicted in Figure 
7.2. Briefly, the oxidized nanostructured Si surfaces were aminated using APTS and 
the density of the reactive amine groups were examined by direct coupling to Cy5-
NHS. The high-density amine-modified surface will then be carboxylated with 
succinic anhydrate. The sense strand of oligonucleotide with 5’-amino and 3’-Cy3 
modifications will be coupled to the carboxyl-terminated surface using EDC and 
HNSA. Target anti-sense oligonucleotide (DNA microarray) or antibody conjugated 
to anti-sense oligonucleotide (protein microarray) can then be captured by 
hybridization to the immobilized sense strand oligonucleotide and detected by array 
scanner. 
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Figure 7.2. Proposed process flow of this work for nanowires based DNA/Protein 
microarrays.   
 
Figure 7.3 shows scanning electron microscope (SEM) images of the Si 
nanopillars and nanowire arrays in this work. Figure 7.3a is an SEM image of Si 
nanopillars fabricated via the IL-CE method. Figures 7.3b is an SEM image of Si 
nanowires fabricated via the GLAD-CE method. We would like to make a distinction 
between Si nanopillars and nanowires due to the differences in dimensions of the 
nanostructures. The Si nanopillars fabricated via IL-CE typically have a diameter of ~ 
400 nm and heights of up to 2 µm. The GLAD-CE surface is made up of nanowires 
with diameters of ~10 to 100 nm and heights of up to 15µm. Based on this 
dimensions, we can obtain a nanopillar/ nanowire density of 1x106 mm-2 via IL-CE 
and an estimated density between 2.5 x 107 mm-2 to 2.5 x 109 mm-2 via GLAD-CE. 
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Figure 7.3.  Si nanostructures fabricated by IL-CE (a) and by GLAD-CE (b). 
Insets in (a) and (b) are top-view SEM images of the respective figures.  Scale 
bar in insets in (a) is 2 µm and 4 µm in (b).  
 
7.1.4 Direct Coupling with Cy5 
Surface density of reactive groups is critical for development of high-density 
microarray for detection of DNA and protein molecules. Evaluation of the density of 
amine groups (after aminosilanization) on both flat and nanostructured surfaces by 
direct coupling to Cy5-NHS ester is shown in Figure 7.4a (this process refers to step 2 
in Figure 7.2). Flat-Si surface was found to display minimal coupling to Cy5. The 
nanopillars (by IL-CE) of 2 µm height, exhibited improvement on Cy5 coupling, 
better than previous report on marginal increase in signal intensity with Si 
nanopillars.[3] Interestingly, a far drastic increase in Cy5 coupling (~5,000 fold 
higher than flat surface) was observed on all the nanostructured surfaces fabricated 
via GLAD-CE, with varied heights from 1 µm to ~15 µm. Furthermore, coupling of 
amine groups on GLAD-CE surface to serial 10-fold dilutions Cy5-NHS showed far 
greater signal intensity over large dynamic range when compared to that of a flat 
oxidized Si surface (Figure 7.4b). 
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Figure 7.4.  Density of reactive amine group on flat and nanostructured silicon 
chips. 4A shows relative fluorescent unit (RFU) readings of directly coupled Cy5 
(1:100) on both flat and nanostructures silicon surfaces. 4B shows RFU readings 
of different concentrations of Cy5 directly coupled onto flat and GLAD-CE 
surfaces.  
 
The remarkable increase in Cy5 coupling on the GLAD-CE surface is 
attributed to an increased surface area due to two reasons,  (i) high density and aspect 
ratio of nanowire arrays and (ii) surface roughness of nanowires. Figure 7.5 is a 
histogram demonstrating the increase in surface area on the different substrates. We 
calculated the increase in surface area by calculating the total surface area of a 
cylinder (per nanowire) standing on a square base of length 1 µm. The increase in 
surface area for IL-CE nanopillar (NP) surface was calculated based on 1 nanowire 
per µm2 with diameter 400nm and height of 2 µm. The GLAD-CE nanowire (NW) 
surface have varying diameters ranging from ~10 nm to ~100 nm based on TEM 
images as shown in Figures 7.6a and 7.6b with height of up to 15 µm. We calculated 
the increase in surface area as an average based on an estimation of nanowire density 
of 25 to 2500 nanowires per µm2. This corresponds to an increase in surface area of 
2.5 times for IL-CE NP surface and around 86 ± 70 times for the GLAD-CE NW 
surface. An increase in surface area of at best ~157 times alone is not sufficient to 
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explain the increased coupling of ~5000 times higher than a flat surface observed on 
the GLAD-CE NW surface. 
 
Figure 7.5. Histogram showing increase in surface area of nanostructured Si 
surfaces used in this work. 
 
As discussed in Chapter 4, TEM analysis revealed that the surface of the 
GLAD-CE nanowire is not smooth but in fact mesoporous (see Figure 7.6b). The 
porous surface of the as-synthesized nanowires would in fact magnify the surface area 
per nanowire, which coupled with the high density, and aspect ratio of the nanowires, 
explain the huge increase in Cy5 coupling ability on the GLAD-CE surface compared 
to that of IL-CE NP and the flat-Si surfaces. 
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Figure 7.6. TEM images of as-synthesized Si nanowires by GLAD-CE. (a) shows 
a nanowire with 10 nm diameter while (b) shows a nanowire with ~100nm 
thickness. (c) is a high resolution TEM image of a single crystalline nanowire to 
contrast the mesoporous structure of the nanowire in (d) that is a higher 
resolution image of the nanowire in (b). 
 
In Chapter 4, we demonstrated the difference in nanowire morphology 
between Si etched with Au and Ag nanoparticles during MACE. It was found that the 
nanowires obtained with Au as catalyst were more porous than those obtained by Ag. 
For the same etching conditions, the nanowires have comparable heights but different 
morphologies and porosity. To compare the effect of porosity on the nanowire 
detection capability, Au-etched and Ag-etched nanowires synthesized by GLAD-CE 
were subjected to the same Cy5 dye coupling experiment.  Figures 4.6 and 4.7 in 
Chapter 4 show the nanowire morphology of Ag-etched GLAD-CE nanowires used 
for this experiment. Figure 7.7 shows that Au-etched Si nanowires (higher porosity) 
have a much higher Cy5 coupling efficiency compared to Ag-etched Si nanowires 
a b 
c d 
CHAPTER!7!Biomedical Applications of Si Nanostructures!
! 185!
(less porous). We believe the roughness of these nanowires play an integral role in the 
coupling efficiency observed. 
 
 
Figure 7.7: (a) shows the fluorescent intensity of Cy5 dye on flat Si surface and 
GLAD-CE nanostructured surfaces etched with Au and Ag as catalyst. (b) RFU 
readings of directly coupled Cy5 (1:100) on flat, Au-etched- and Ag-etched- 
GLAD-CE nanostructured Si surfaces. 
 
We compared the performance of GLAD-CE surfaces with nanostructured Si 
surfaces prepared by conventional metal-assisted chemical etching of Si with thin Au 
film (2 nm thickness) in H2O2 and HF. By varying the etching durations from 2 to 20 
min, roughened surfaces similar to that done by Li et al. [5] as well as nanostructures 
with heights from 0.5 µm to 5 µm were fabricated (see Figures 7.8a and 7.8b). A 
short etching duration results in a roughened Si substrate, while a longer etching 
duration results in nanostructred surfaces made up of nanowires and nanowalls [5,6]. 
Figure 7.8c shows that though the roughened surfaces showed some improvement on 
Cy5 coupling, none of them could achieve as high signal intensity as the GLAD-CE 
surfaces. For a short etching duration, the simply roughened surface lacks the density 
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and aspect ratio of the GLAD-CE nanostructured surface. Though nanowire arrays 
were achievable with a longer etching duration, the sinking of the discontinuous thin 
film had a lower density of nanowires compared to that obtained from GLAD-CE. It 
has also been reported that nanowires obtained by this method had smooth surfaces 
[6].  
 
Figure 7.8. SEM images of roughened Si surface etched for (a) 2 min in MACE 
and (b) 20 min. (c) shows the density of reactive amine groups on nanostructured 
silicon surface generated by Au deposition and metal-assisted chemical etching. 
Shown in (c) are RFU readings of directly coupled Cy5 (1:100) on flat, thin 
metal-CE and GLAD-CE nanostructured Si surfaces.  
 
These results highlight the uniqueness and superiority of GLAD-CE 
nanostructured Si surfaces for Cy5 coupling compared to a flat oxidized Si surface, to 
a roughened Si surface and to Si nanopillar arrays fabricated by IL-CE. Hereafter, 
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GLAD-CE NW surfaces were selected for all future developments towards obtaining 
a DNA/protein microarray 
 
7.1.5 Fabrication of GLAD-CE Microarrays 
Contact angle measurements revealed that the as fabricated GLAD-CE 
surfaces were superhydrophilic, meaning that water could very easily wet the surface 
(see Figure 7.9). Though this meant that the nanostructured surfaces were completely 
wetted (therefore ensuring maximum coupling of any species), it also meant that 
surfaces of different sizes would result in inconsistent quantification of results. To 
mitigate this problem, the area containing the GLAD-CE surfaces needed to be 
defined and controlled to ensure that any liquid displaced on the GLAD-CE surface 
was confined in the desired area. In addition, the development of a GLAD-CE 
microarray chip would represent a real-world test of the GLAD-CE surface to the 
performance of existing DNA/protein microarrays.  
 
 
Figure 7.9. Optical images of water droplets (a) just before wetting the substrate 
and (b) upon wetting the substrate showing the superhydrophilic nature of as-
prepared GLAD-CE substrates. 
 
Initial  Final  a b 
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Figure 7.10a schematically illustrates the fabrication of the GLAD-CE 
microarray chip. First, square openings of 2 mm dimension were patterned on 
photoresist on Si using conventional photolithography. Next a GLAD process was 
performed to deposit Au nanoparticles on the exposed Si square surfaces. This was 
followed by metal-assisted chemical etching, which was performed for 20 min. The 
Au was then removed via commercial Au etchant followed by removal of photoresist 
in acetone. Finally the Si wafer was subjected to a thermal oxidation process. The 
wafer was then cut accordingly (2 cm by 4 cm) to fit into the array scanner. Figure 
7.10b illustrates the finished GLAD-CE microarray while Figure 7.10c are SEM 
images illustrating our ability to fabricate the nanowires within a defined square. The 
fabrication of the GLAD-CE microarrays enforces (i) the compatibility of the GLAD-
CE process with conventional microelectronics processes such as lithography and (ii) 
the ability to spatially determine the size and position of the desired testing area, i.e. 
scalability; which allows the possible fabrication of thousands of testing sites per chip 
and (iii) the lower cost required to fabricate such a device by not relying on complex 
lithography and etching techniques such as e-beam lithography and reactive ion 
etching. 
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Figure 7.10. Fabrication and realization of GLAD-CE nanostructured 
microarray. (a) schematically illustrates the process flow to fabricate the GLAD-
CE microarray. (b) is a picture of the GLAD-CE microarray. (c) is an SEM 
image illustrating the boundary at the edge of the square containing the GLAD-
CE nanowires. Inset in 10c shows a low magnification SEM image of one square 
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7.1.6 DNA Coupling and Detection on GLAD-CE Microarrays  
In both DNA and protein microarrays, single strand DNA oligos (ssDNA) are 
immobilized onto the base platform, which allows sequence specific capturing of 
either the target DNA or complementary ssDNA-conjugated probes. We subsequently 
compared the loading capacity of single strand DNA (ssDNA) on GLAD-CE and 
Flat-Si chip using a method previously reported; this refers to step 4 of Figure 7.2.[7] 
Both surfaces were aminosilanized (step 1 of Figure 7.2)  and further functionalized 
with a linear linker succinamic acid (step 3 of Figure 7.2)  to enable loading of an 
amine terminated, Cy3 coupled ssDNA (NH2-Oligo-Cy3). GLAD-CE surface showed 
dose-dependent coupling of the Cy3-oligo (6.4 nM to 20 µM) (Figure 7.11). The 
control reaction without cross-linker EDC confirmed that the coupling is not due to 
non-specific adsorption of the oligos onto the GLAD-CE surface. Flat Si surface, in 
contrast, has significantly lower coupling efficiency under all conditions. The GLAD-
CE surface showed ~250 fold increase in signal intensity compared to that of flat 
substrate.  
 
Figure 7.11.  Comparison of the loading density of ssDNA on GLAD-CE and flat 
silica surface. (A) shows the florescent intensity of GLAD-CE and Flat surfaces 
after upon coupling of various concentrations of Cy3 labeled ssDNA oligos. The 
RFU readings are shown in (B).  
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Finally, we determined the efficiency of the GLAD-CE chips for DNA target 
detection. The chips were functionalized with a Cy3 coupled ssDNA (NH2-Oligo-
Cy3) with dilutions from 6.4 nM to 20 µM as mentioned above. Next the chips were 
loaded with a complementary, Cy5 coupled, ssDNA (anti-sense oligo) at 20 µM. As 
shown in Figure 7.12, the antisense oligo show a 1-1 coupling correspondence with 
the complementary sense oligo. A high coupling efficiency equivalent to the Cy3 
sense oligo was preserved. The data presented shows that GLAD-CE surface is a 
more superior base platform than flat Si surface for downstream applications in DNA 
or protein microarray.   
 
 
Figure 7.12: Comparison of the loading density of sense and antisense ssDNA on 
GLAD-CE microarray chip. (A) shows the florescent intensity of Cy3 coupled 
sense strand (green) and Cy5 coupled target strand on GLAD-CE surfaces at 
various concentrations of Cy3 labeled ssDNA oligos and Cy5 ssDNA anti-sense 
oligo at 20 µM. Respective RFU readings are shown in (B).  !
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7.1.7 Summary 
We have tested the use of various Si nanostructures for possible microarray 
applications. Nanowire arrays synthesized by GLAD-CE were found to show superior 
coupling response. This was attributed to the high surface area due to high aspect ratio 
and the mesoporous nature of these nanowires. The promising results from GLAD-CE 
nanowires lead to the development of the GLAD-CE microarray chip, which has 
compartmentalized squares containing dense nanowire arrays for further work 
towards developing a viable DNA/Protein microarray. We further demonstrate the use 
of the chips to detect a single strand DNA and obtained a high coupling efficiency of 
~250 times compared to a flat Si surface. We further demonstrated 1-1 coupling 
efficiency between the strand and anti-sense ssDNA oligos; showing the high 
efficiency, and sensitivity of the DNA microarray proof-of-concept.   Due to the 
nature of this work, more work is currently being done for the utilization of the 
GLAD-CE microarray chip for analyte based protein detection. 
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7.2 Application of IL-CE Nanostructures for Modulation of 
Cellular Behavior 
7.2.1 Introduction 
Recent studies on cell behavior on nanoscale structures have revealed that 
different types of cells are capable of responding to in vitro topological cues and 
behave differently compared to on a flat featureless substrate. The exact mechanism 
for this observation is not yet well understood.[8,9] As discussed in Chapter 2, such 
further studies on cell behavior on nanostructured surfaces calls for the need of 
controllable, cost-effective methods for fabricating (on a large scale) spatially precise, 
large-surface-area nanostructures with desirable dimensions and features.  
In Chapter 5 we described a method that employs the top-down philosophy via 
interference lithography (IL) and metal-assisted chemical etching of Si (MACE), 
denoted by IL-CE, to reap the advantage of creating precisely shaped nanostructures 
without resorting to complicated lithography (e.g., e-beam lithography) and etching 
(e.g., deep reactive ion etching) techniques. By doing so, we also managed to 
overcome the problems of high capital and operating costs that are usually associated 
with the top-down approaches. With the IL-CE method, we are also able to create Si 
nanostructures that are perfectly periodic over very large areas (1cm2 or more) over 
which the cross-sectional shapes and the array ordering can be varied. In addition, we 
can readily and independently control the sizes and spacings of the nanostructures 
down to dimensions of 200 nm or less.  
The main objective of this chapter is to (i) demonstrate how we make use of 
the attractive features of the IL-CE method in creating Si-based nanostructure arrays 
and (ii) fabricate polyimide nanogroove arrays by nanoimprinting using the Si 
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nanogroove arrays obtained for the neuronal direct study of Neuro2A cells. The 
important message from this study is that the IL-CE technique provides the three 
essential features for cell studies that are not easily achievable by other means, 
namely, (i) economy of cost, (ii) wide surface coverage, and (iii) ease of producing 
nanostructures of different shapes.  
 
7.2.2 Fabrication of IL-CE Si Nanostructure Arrays 
Figure 7.13 shows a schematic of the main experimental steps in the IL-CE 
process for the fabrication of a particular type of Si nanostructure arrays, namely, the 
nanogroove arrays. A detailed description on the synthesis of the various IL-CE 
nanostructures has been described in Chapter 5. After fabrication, the samples were 
subjected to a 35 min thermal oxidation process at 900 °C. 
 
Figure 7.13. Schematic diagram illustrating, for example, the fabrication of 
silicon nanogroove arrays using a combination of interference lithography and 
catalytic etching (IL-CE) for directed growth of neuronal structures. Note that 
the same fabrication steps with slight modification in the interference 
lithography parameters can be employed for fabricating nanopillars and 
nanofins. !
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7.2.3 Fabrication of Polyimide Nanogrooves 
The fabrication of polyimide (PI) nanogrooves makes use of the Si 
nanogroove substrate fabricated by IL-CE as the master for the nanoimprinting 
process. As shown in Figure 7.14 (a) and (b), polydimethylsiloxane (PDMS) mold 
with negative nanogroove pattern is made from the silicon master. The PDMS was 
prepared with silicone elastomer mixed with curing agent with a ratio of 10:1. After 
degassing, the PDMS was poured onto the silicon substrate and then baked at 70°C 
for 3 hours for cross-linking to take place. The hardened PDMS is peeled off after 
cooling and was used to produce the PI nanogroove substrate. In Figure 7.14(c), the 
liquid form of PI is spin-coated onto the PDMS mold with 300rpm for 2 minutes 
followed by an oven baking with temperature ramped from 100°C to 180°C for 14 
minutes. An SEM image of the PI nanogroove substrate, obtained by peeling off the 
solidified PI after cooling to room temperature is shown in Figure 7.14(e).        
 
Figure 7.14. (a)-(d), schematic illustration of the basic steps in fabricating 
polyimide nanogroove substrate by nano-imprinting using IL-CE Si nanogroove 
substrate as the master. (e) SEM image of the polyimide nanogrooves.  
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7.2.4 In Vitro Studies Using Neuro2A Cells 
The murine neuroblastoma cell line Neuro2A (catalog # CCL-131; American 
Type Culture Collection) cells were grown in DMEM supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Hyclone, Logan, UT), in a humidified 
atmosphere with 5% CO2 at 37°C. Wild type Neuro2A cells, were stably transfected 
with enhanced Green Florescence Protein pEGFP-N1 Vector (GenBank Accession 
#U55762; Clontech Laboratory, Inc) using Transfectin (Biorad, Hercules, CA) and 
selected with 0.4 mg/ml G418 (PAA Laboratories GmbH, Austria), over a period of 
more than 2 months.  
To test the differentiation of Neuro2A cells and to assess the neurite extension, 
thirty thousand Neuro2A-eGFP cells were seeded in each well of 12-well polystyrene 
plates or onto plain and structured Si wafer (nanopillars, nanofins, nanogrooves), or 
polyimide (nanogrooves) substrates and incubated in complete serum medium for 16 
h to allow adhesion, before being exposed to all-trans retinoic acid (15µM; Sigma, St. 
Louis, MO) for 24 h to induce differentiation. Neurite outgrowths were observed and 
images captured either on a Zeiss inverted Axovert 25 microscope equipped with 
fluorescence detection (Oberkochen, Germany) or a Zeiss Axio Observer Z1 Inverted 
Microscope.  
Prior to image acquisition, plain and structured Si wafers on which Neuro2A-
eGFP were grown and differentiated were removed from 12-well polystyrene plates, 
gently rinsed with 1xPBS and mounted on glass slides with DAKO Fluorescent 
Mounting Medium (DAKO Corporation, Carpinteria, CA). Control experiments 
performed on transparent polystyrene plates were observed directly. Fluorescent 
images were performed with Nikon Coolpix 995 digital camera (Nikon, Japan) 
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positioned on Zeiss inverted Axovert 25 microscope equipped with fluorescence 
detection. 
7.2.5 Neurite Outgrowth/Guidance on Si Nanostructure Arrays 
            Neuro2A cells have been shown to share more than 98% proteomic similarity 
with whole mouse brain [10] and have been used extensively to model processes of 
neuronal differentiation.[11,12] Upon treatment with a variety of chemical and 
pharmacological agents, these cells can develop axon-like or dendrite-like processes, 
similar to those observed in hippocampal and cortical cultures.[13,14] The ease of 
manipulation and the well-characterized response to various stimuli have invariably 
made Neuro2A an ideal model for the investigation of the role of topological cues in 
in vitro neuritogenesis.[15]  
 Using the IL-CE method described in Chapter 5, we created various 
nanostructure (nanopillar, nanofin and nanogroove) arrays to study the effect of 
different nanoscale surface topologies in guiding neurite extension of Neuro2A cells. 
Upon treatment with retinoic acid, extensive neurite outgrowth was observed on all 
surfaces, as shown in Figure 7.15.  
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Figure 7.15. Differentiation of Neuro2A-eGFP cells on nanopatterned surfaces 
(pillar-like, fin-like and groove nanostructures). Neuro2A-eGFP cells were 
exposed to 15µM retinoic acid to induce differentiation. Shown here are 
representative images of native (a) and differentiated (b-f) Neuro2A-eGFP cells 
grown on various surfaces. Inserts are SEM images of the pillar-like, fin-like and 
groove nanostructures. Dimensions of nanogrooves: width 400nm, period 1µm, 
depth 600-700nm. 
 
Neurite extension on the nanopillar and nanofin arrays was found to occur in 
random directions, similar to that on polystyrene or flat Si surfaces. In contrast, it is 
interesting to note that neurites were found to orientate in parallel directions on 
nanogrooved surfaces. Previous reports of topological guidance of neurite extension 
on nanogrooved surfaces [16,17] do support the findings in this study and together 
pose an intriguing hypothesis that neuronal cells can sense topological cues at the 
molecular level. Consistent with this suggestion is that preliminary studies showed 
that groove depths of length scales below 20 nm do not appear to direct neuronal 
growths efficiently.  
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 We further examined the fine details of the neurite outgrowth on flat and 
nanogroove arrays using scanning electron microscopy (SEM) as shown in Figure 
7.16. Neurites from adjacent cells grown on flat surfaces were found to cross each 
other’s path or make 90° turns (see Figure 7.16, upper row).  
 
Figure 7.16. SEM images of retinoic acid differentiated Neuro2A cells on flat and 
grooved silicon surfaces. Retinoic acid differentiated Neuro2A cells were fixed 
and visualized by scanning electron microscope. Shown here are representative 
images of differentiated Neuro2A cells on flat (upper row) and on grooved silica 
surface after 24 h of retinoic acid treatment (lower row).  
 
In contrast, on the grooved surface, despite their close proximity, neurites 
aligned in parallel to each other in a highly ordered fashion. Intriguingly, we found 
that neurites on flat surfaces were more flattened as compared to the rod-like shaped 
neurites found on top of the ridges on grooved surfaces. These observations serve as 
important preliminary results for further investigations of the form and mechanisms of 
topological guidance of neuritogenesis. Consistent with a study performed by 
Johansson et al.,[18] we found that axonal growths can be guided by the imprinted 
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nanogrooves and nanoridges, and that the axons seem to lie on ridges rather than in 
grooves (Figure 7.16) 
The wide surface coverage possible only with our IL-CE method (1cm x 1cm) 
results in a large nano-patterned area, thereby providing a suitable platform for the 
study of topological guidance of neurite extension over long distances, unlike 
Johansson’s studies where nanostructured surfaces were limited within a 200 µm x 
200 µm area.[18] Furthermore, electric fields (EF) have been shown to direct and 
enhance nerve growth both in vitro [19] and in vivo.[20] A Phase I clinical trial using 
DC EF to repair human spinal cord injuries was completed recently with promising 
results.[21] Whether a combination of EF, topological features and other nerve 
guidance cues would synergistically enhance and direct nerve regeneration has yet to 
be investigated. The Si based nanostructured substrate provides an attractive platform 
that incorporates both EF fields and topological features. On the other hand, as most 
cell studies were also carried out on polymer based substrates,[16,17] the fabrication 
of large-area PI nanogroove arrays for the neurite guidance study of Neuro2A cells 
was explored. The rationale to fabricate nanogroove arrays is based on the 
conclusions we have drawn from our Neuro2A guidance study on our Si 
nanostructured substrates (see Figure 7.15 and 7.16).  
7.2.6 Neurite Outgrowth/Guidance on Polyimide Nanogroove Arrays 
 Neuro2A cells were seeded onto PI substrates with or without nanogroove 
features and induced to differentiate with 15 µM of RA. Similar to that on silicon 
substrates, Figure 7.17 shows that extensive and random neurite outgrowth was 
observed on plain polymer substrate whereas directed neurite outgrowth was seen on 
substrates with nano-groove features.  
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It is important to note that the transparent nature of these polymer substrates 
poses a significant advantage over the opaque silicon substrate as neurite 
outgrowth/guidance can now be visualized directly on live cells, without the need of 
staining the cells with fluorescent dyes as required for silicon substrate. The use of PI 
substrates would thus allow continuous, real-time observation of the dynamic process 
of neurite outgrowth/guidance, which occurs gradually over a period of several days. 
In addition, the polymer structures may then be used for the visualization of the 
ultrascale structures of the neurites by transmission electron microscopy. This may 
provide critical clues to molecular organization of the neurite features underlying 
axonal guidance on nanoscale structures. This further illustrated the usefulness and 




Figure 7.17. Differentiation of Neuro2A cells on plain and nanogrooved 
polyimide substrates. Neuro2A cells were exposed to 15µM retinoic acid to 
induce differentiation. Control experiments were performed on polystyrene 
surfaces. Dimensions of polyimide nanogrooves: width 400nm, period 1.2µm, 
depth 400nm. Dimensions of transparency nanogrooves: width 300nm, period 
1.2µm, depth 400-500nm. 
!
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7.2.7 Summary 
As mentioned briefly earlier, there are reports of the possibility of modulating 
the cellular behavior of cells on nanostructured arrays under the influence of electric 
or electromagnetic field because of the possible influence of electric or 
electromagnetic field on cell behavior.[22-24] It is possible to modify the IL-CE 
method to develop silicon based micro-electro-mechanical systems to examine the 
effects of electric or electromagnetic field for the modulation of cell behavior. The IL-
CE method is definitely able to provide such large areas of precisely located 
nanopillars at a significantly lower cost.  
In summary, we have addressed here a crucial challenge, arising from the 
current lack of availability of inexpensive, large-surface-area nanofabricated 
substrates of appropriate dimensions and features, which has limited the study of cell 
behavior modulated and directed by topographical stimuli induced through 
nanopatterned substrates. The simplicity and cost-effectiveness of the interference 
lithography based methods described in this study to produce spatially precise and 
wide-surface-coverage Si and polymer-based nanostructure arrays make it possible to 
systematically study cellular responses to nanoscale structures or surfaces of 
appropriate length scales. We suggest that the advantages of this approach can be 
exploited for other biomedical study such as biomolecular detection. 
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CHAPTER 8 Conclusions 
 
8.1 Summary 
In this thesis, the fabrication of large-area, ordered and non-ordered Si 
nanostructures and their utilization for biomimicking and biomedical applications 
have been presented.  
The first part of the thesis on nanostructure fabrication presented a bottom up 
approach. Glancing angle deposition (GLAD) was used to synthesize networks of Au 
nanoparticles on Si. These nanoparticles were then used as catalyst for MACE, which 
resulted in non-ordered Si nanowire arrays. These nanowires however exhibited high 
aspect ratio. In addition the morphology of the nanostructures fabricated by this 
technique, called, GLAD-CE, were found to depend on the etching conditions; 
nanostructures resembling different shapes (haystack-, ribbon- and coral-like 
structures) were obtained by selectively changing etching parameters. This motivated 
a close structural characterization study of the GLAD-CE nanostructures. The 
nanowires fabricated were mesoporous in nature. The morphology depended on the 
choice of metal catalyst, H2O2 and HF concentrations and etching temperature. 
Nanowires etched with Au instead of Ag as catalyst increased the porosity of the 
nanowires. In addition, high H2O2 concentrations and higher temperature made the 
nanostructures more porous. Increasing HF concentration however made the 
nanowires less porous. The porosity of the nanowires is attributed to an increased hole 
injection through the metal-catalyst during the MACE process. The subsequent 
diffusion of holes away from the nanowires and to the surface of the nanostructures 
facilitated the etching of Si by HF similar to anodic etching and formed porous Si. 
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The second half of the first part of the thesis on nanostructure fabrication, 
focused on a top-down approach for the fabrication of ordered Si nanostructure 
arrays. By utilizing interference lithography and metal-assisted chemical etching 
(MACE) of Si in HF and H2O2 solution, the IL-CE process was developed that led to 
the creation of nanostructures that are perfectly periodic over very large areas (1 cm2 
or more), where the cross-sectional shapes and the array ordering can be varied. 
Furthermore this technique can readily and independently control the sizes and 
spacings of the nanostructures down to spacings of 200 nm or less. Through IL-CE, Si 
nanowires, nanofins and nanogrooves arrays were fabricated. In addition very well 
located nanocones with uniform sharpness resulted when oxidized bent nanowires 
were etched in 10% HF. The nanowires were bent due to the formation of porous Si 
during the MACE. The porous silicon exhibited enhanced oxidation ability when 
exposed to atmospheric conditions or in wet oxidation ambient. 
The second half of this thesis focused on the utilization of these 
nanostructures. This was further divided into studies for biomimicking and 
biomedical applications. The nanostructures were used to biomimic the wettability of 
the superhydrophobic lotus leaf. Regular nanostructures of various cross-sectional 
shapes fabricated by IL-CE did exhibit superhydrophobic properties. However, as the 
nanostructures were only defined to a 1 cm2 area, any practical use of these surfaces 
were very limited. This motivated the study of using nanowires fabricated by GLAD-
CE for wettability studies. By tuning the morphology of the nanowire arrays (clumped 
and straighter nanowires arrays). The difference in nanowire morphology is attributed 
to capillary force-induced nanocohesion, which is due to the difference in nanowire 
porosity as a result of the MACE process. We were capable of mimicking the wetting 
properties of the lotus leaf and petals of certain flowers. i.e. we demonstrated low-
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adhesion superhydrophobic surfaces and high-adhesion superhydrophobic surfaces 
with the same fabrication process.   
The clumped nanowire surface demonstrated the lotus effect while the 
straighter nanowires demonstrated the ability to pin water droplets while 
maintaining large contact angles i.e. petal effect. The high contact angles in both 
cases are explained by invoking the Cassie-Baxter wetting state. The high adhesion 
behavior of the straight nanowire surface may be explained by a combination of 
attractive van der Waals forces and capillary adhesion. We demonstrate spatial 
patterning of both low- and high-adhesion superhydrophobicity on the same 
substrate by the simultaneous synthesis of clumped and straight silicon nanowires. 
Thus far, factors such as aspect ratio, pitch, diameter and stiffness have been 
used to study the phenomenon of capillary-force induced nanocohesion. Here, we 
studied the effects of liquid-medium dependence on nanocohesion. We found that 
the degree of nanocohesion depends on the combined effects of surface tension and 
Young’s contact angle to modulate the degree of clustering of the Si nanowires. 
Drying in water results in small clusters of nanowires, which produce a low-
hysteresis superhydrophobic surface, mimicking a lotus-like surface. Drying in 
methanol results in the largest nanowire clusters, which lead to a superhydrophobic 
surface with lower contact angle and high hysteresis. Further, we demonstrate the 
fabrication of both small and large nanowire clusters on the same substrate by 
controlling the drying process in order to selectively define and modulate adhesion 
of water on the same superhydrophobic substrate. 
 The demonstration of hybrid superhydrophobic surfaces with spatially 
selective, tunable adhesion behavior on single substrates paves the way for future 
applications for microfluidic channels, substrates for biological and chemical based 
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analysis and detection where it is necessary to analyze a particular droplet in a 
defined location on a surface, or as a platform to study in-situ chemical mixing and 
interfacial reactions of liquid pearls. 
We end the section on biomimicry with a demonstration of the synthesis of 
bio-inspired hierarchical superparamagentic particles synthesized at transient 
aqueous-aqueous interfaces. By utilizing the hybrid superhydrophobic surfaces, 
droplets naturally pinned on the higher adhesion or more hydrophilic domains on 
these substrates. These allowed the formation of hierarchically structured 
superparamagnetic iron oxide particles by fusion of drops containing miscible 
reactants at transient aqueous-aqueous liquid interfaces (i.e. interfaces between 
liquid pearl droplets) that act as templates for nanoparticle precipitation and 
macromolecule–assisted assembly. 
The second section on nanostructure application explores the utilization of 
the IL-CE and GLAD-CE nanostructures for specific biomedical applications. The 
nanostructures were used for potential detection of DNA and proteins for 
microarray applications. We demonstrated superior coupling capability on GLAD-
CE nanowire arrays compared to those of IL-CE. This was attributed to the high 
aspect ratio of the Si nanowires and its high surface roughness due to porous Si 
formation on these nanowires. In addition, we demonstrated a proof-of-concept 
DNA microarray on a GLAD-CE microarray. This project is currently on going for 
the development of protein microarrays. 
Finally, the last application demonstrated the use of the nanostructures for 
modification of cellular behavior. Neuronal (Neuro2A) cells were seeded and 
differentiated on different nanostructured surfaces synthesized by IL-CE. The 
neurite extension of the Neuro2A cells was observed to orientate in parallel 
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directions to the nanogrooved surfaces. As this work is still in its infancy, more 
work needs to be done to uncover the reason for neuronal guidance. In summary, 
we have addressed a challenge to fabricate inexpensive, large-surface-area 
nanofabricated substrates of appropriate dimensions and features, which has thus far 
limited the study of cell behavior modulated and directed by topographical stimuli 
induced through nanopatterned substrates. The simplicity and cost-effectiveness of 
the IL-CE method to produce spatially precise and wide-surface-coverage Si-based 
nanostructure arrays make it possible to systematically study cellular responses to 
nanoscale structures or surfaces of appropriate length scales. 
 
8.2 Recommendations 
As Huang et al. has highlighted, much more work needs to be done to better 
understand the etching mechanism of MACE.[1]  In this work, we have demonstrated 
the formation of porous Si on the nanostructure surfaces as a consequence of MACE. 
We have also shown that the choice of metal catalyst, affects the morphology of the 
nanostructure formed. Firstly, the ability to quantify the porosity of nanostructures 
would provide a clearer understanding on the amount of porous Si formed on the 
nanostructures. As such, Brunauer-Emmett-Teller (BET) gas adsorption analysis on 
the mesoporous nanostructures would be a useful experiment for the quantification of 
porous Si.[2] This work uses Au and Ag as metal catalyst during the MACE process. 
Both these metals however are not used in conventional CMOS processing as they 
lead to trap formation in Si. As such, the use of other metals such as Pt[3] and Cu, 
which are standard metals used in CMOS processing, should be studied. This would 
allow manufacturing industries to adopt MACE as a means to etch Si for example, for 
the fabrication of MEMS devices.  
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Superhydrophobic surfaces have practical applications for lab-on-chip 
devices. Another interesting application would be the integration of the hybrid 
superhydrophobic surfaces into microfluidic channels that will ultimately be used for 
lab-on-chip devices.[4] These microfluidic devices can be engineered to have 
selective wetting properties within the channels. In addition, the integration of the 
GLAD-CE DNA/protein microarrays can be integrated into such microfluidic 
devices. Besides DNA/protein detection, the Si nanowire arrays fabricated in this 
work can also be used to capture cells.[5]   
 The nanostructures presented here can also be used for energy harvesting and 
energy storage. In particular we wish to highlight the use of such nanostructured 
surfaces where high surface area to volume ratio is desirable. Such high aspect ratio 
Si nanowires can be used for solar energy conversion.[6] In addition, the rough 
surface of the mesoporous Si nanowires presented in this work would be good for 
thermal energy harvesting.[7] Recently, it has been demonstrated that bulk Si having 
undergone anodized etching in HF has the ability to store Hydrogen gas for fuel cell 
application.[8] Due to the similarities between MACE and anodized etching in HF, it 
would be interesting to determine the potential of mesoporous Si nanowires for 
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Varying [HF]:[H2O2] was kept constant at 0.44 M while [HF] was varied from 0.44 
M to 10 M. Table A.1 lists down the concentration of reagents used. The samples 
were immersed in the etching solution for 20 min. Next the samples were rinsed in 
deionized H2O before drying with a N2 gun.  
 
Varying etching temperature: The etching solution was heated in water bath to 50 °C. 
The temperature was kept constant via hotplate. The etching solution was made up of 
[HF] of 4.6 M and [H2O2] of 0.44 M. 
 
A.2$Influence$of$HF:$!
In order to study the effects of HF concentration during MACE, we kept the 
[H2O2] fixed at 0.44 M while varying [HF] at 0.44 M, 4.6 M and 10 M. Table A.1 
tabulates the volume and concentration of reagents used in this experiment. Figure 
4.14 shows the Si morphology after MACE for 20 min in solutions at [H2O2] of 0.44 






Samples Low HF Control High HF 
H2O (ml) 188 159 121 
HF (ml) 3 32 70 
H2O2 (ml) 9 9 9 
[H2O2] (M) 0.44 0.44 0.44 
[HF] (M) 0.44 4.6 10 
[H2O2]/[HF] 1 0.096 0.044 
 
At low [HF] (Figure A.1a) of 0.44 M, we observe a “roughened” Si surface; no Si 
nanowires are obtained. At High [HF] of 10 M, (Figure A.1c) long nanowires of (~ 20 
µm) were obtained. Observe that the Si nanowires on this surface are much straighter 
and do not form clumped aggregates as that observed on the control sample which are 
~ 15 µm long. Increase in [HF] from 4.6 M to 10 M result in longer and interestingly, 




Figure A.1: SEM images of nanowire morphology etched with varying [HF] at 
(a) 0.44 M, (b) 4.6 M and (c) 10 M. Inset in (c) is a bird’s-eye view of the Si 
surface. Scale bar is 5 µm. 
 
Figure A.2a represents the PL spectra from nanowires etched with the 3 
different [HF] mentioned above. PL from the sample etched with low [HF] (0.44 M) 
shows peak at 667.7 nm (1.86 eV), while Control (4.6 M) shows the PL peak center at 
682 nm (1.82 eV) and high [HF] (10 M) reveals the peak at 671.9 eV (1.85 eV). As 
low [HF] etched sample does not result in Si nanowires, we focus our analysis 
between the other two cases of samples with higher HF concentrations.  We observe 
that increasing [HF] decreases PL intensity, which suggests reduced porosity of the 
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nanowires with a more surface disorder. However, increasing [HF] resulted in a blue 
shift, which can suggest smaller nanocrystal size. Figure A.2b shows the UV Raman 
spectra obtained from such three different Si surfaces. Interestingly, the Raman 
spectra between Control and High HF appear identical which suggests that the tops of 
the nanowires have similar morphology. The UV Raman spectra for high [HF] (10 M) 
has a peak position at 509.2 cm-1, red shifted from bulk Si by 11.6 cm-1 and a FWHM 
of 23.7 cm-1 while that of 4.6 M (sample Control) shows a peak position at 510.2 cm-1, 
red shifted by 10.6 cm-1 from bulk Si and with a FWHM of 20.4 cm-1. The sample 
etched with low [HF] of 0.44 M has a peak position of 519.8 cm-1, red shifted by 1 
cm-1 from bulk Si and a FWHM of 10.7 cm-1. The small shift from bulk Si observed 
in this spectrum is mainly because the majority of Raman signal obtained is from the 
underlying bulk Si. However, the lineshape asymmetry observed in this case suggests 
the presence of nano-scaled features with relatively bigger crystallites.  Though the 
crystallite sizes are bigger, the surface disorder in this case is minimal and led to 
observed PL. No etching of Si was observed in another experiment where no HF was 
added to the solution ([HF] of 0 M), which shows that both HF and H2O2 needs to be 
present for the MACE process to commence.  
The 488 nm visible Raman spectra of the three cases are shown in Figure 
A.2c. Here however, a significant spectral difference between samples Control and 
High HF spectra is observed. The Control spectrum has a peak position at 519 cm-1, 
red shifted by 1.8 cm-1 from bulk Si, with a FWHM of 9 cm-1. Sample High HF shows 
a peak position of 518 cm-1, red shifted by 2.8 cm-1 from bulk Si and a FWHM of 8 
cm-1. In addition, the conical asymmetry in Control reflects the conical morphology of 
the clumped nanowire surface. The cylindrical symmetry of High HF reflects the 
cylindrical structure of nanowires obtained on this surface (cylindrical confinement 
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effect). The Raman peak deconvolution for High HF (see Figure A.2e) shows two 
peaks (i) at ~518 cm-1 due to presence of strained microstructures at the bulk Si 
interfaces and (ii) ~515 cm-1 due to nanocrystallites (which led to PL). The results 
suggest that etching in increased [HF] leads to tensile strain in Si microstructures at 
interfaces. Negligible difference is observed between low HF etched sample and bulk 
Si is due to the deeper penetration depth under visible Raman excitation; the signal 
obtained from the roughened surface was mainly from the underlying bulk Si. The 
near identical NIR Raman spectra of Control and High HF shown in Figure A.2d 
indicate a similar size distribution of nanocrystallites within the nanowires. Due to a 
larger penetration depth of NIR Raman probe, the spectral shift is not significant. 
However, we could detect clear Raman signal enhancement from the two samples due 






Figure A.2: PL (a) and Raman spectra [UV (b), Visible (c) and NIR (d)] of Si 
nanowires etched with increasing [HF] from 0.44 M (Low HF), 4.6 M (Control) 
to 10 M (High HF). (e) The peak deconvolution of visible Raman spectra for 
sample High HF (etched at 10 M HF) showing the broader mode from 
nanocrystallites.  
 
Figure A.3 shows TEM images of the Si nanowires etched with high [HF] of 
10 M. interestingly, two types of nanowires were observed: (a) nanowires with a 
porous exterior with crystalline Si core and (b) nanowires with smoother surface. 
Note that these wires are not mesoporous throughout the nanowire like those obtained 
in Control (see previous TEM images in Figures 4.4 and 4.12b). The porous exterior 
of the nanowires explains the source of PL and the contribution of nanocrystallites 
observed under Raman. In addition, the lower porosity of these wires account for the 
lower PL intensity compared to EN as there are fewer source of PL. The presence of 
the porous network around the crystalline Si core of the nanowire results in tensile 
strain on Si, which was seen under visible Raman with a compensating lower peak 




Figure A.3: TEM images of Si nanowires etched under high [HF] of 10 M. The 
micrographs show nanowires with porous exterior and with crystalline core.  
 
The presence of higher HF concentration has two effects (i) it causes a dilution 
of H2O2, which limits the amount of hole injection and (ii) it speeds up the rate of Si 
etching. Comparing the effects of etching Si in 0.44 M of H2O2 at 4.6 M and 10 M of 
HF, for the same amount of hole injection per unit time, there are more HF ready for 
Si etching at 10 M than 4.6 M. Once holes are injected into Si via the Au-Si interface, 
the readily available HF, etches the Si which results in the longer nanowires obtained 
under 10 M than 4.6 M of HF. The faster consumption of holes at Au-Si interface 
results in less holes escaping the image force and diffusing into Si; essentially, this 
slows down the secondary Si etching phenomenon proposed. The smaller number of 
holes that have diffused to the nanowire surfaces is sufficient to cause the formation 
of nanocrystallites on the nanowires surface due to attack by HF but a reduced supply 
APPENDIX!A!
! 219!
of holes does not facilitate the formation of mesoporous Si nanowires. Instead the 
porous surface is limited to the exterior of the nanowires and results in the porous 
network around the crystalline nanowire core observed. Also, due to greater attack by 
HF on these nanowires, the dissolution of the porous layer results in the “smoother” 
nanowire surface observed.  The presence of the crystalline bulk results in nanowires 
with higher Young’s modulus compared to the mesoporous nanowires and hence the 
stiffer nanowires are harder to bend during drying and result in the straighter 
nanowire arrays as observed.[1]  
 
A.3 Influence of Etching Temperature 
Figure A.4 compares SEM images of Si etched at [H2O2] 0.44 M and [HF] 4.6 
M for 20 min at 25 °C (Control) and 50 °C with Au as catalyst. One observes very 
different nanowire morphologies as a result of the 2 respective etching temperatures. 
The coral-like Si nanostructures in A.4b are, shorter more sparse and appear more 




Figure A.4: SEM images of Si nanowires etched at (a) 25 °C (Control) and (b) 50 
°C. Top images are tilted images while bottom images are top-view SEM images.  
 
Figure A.5a shows the PL spectra of the as-etched Si nanowires. The PL 
spectrum of Si nanowires etched at 50 °C showed the highest intensity, with intensity 
peaking at 658.5 nm (1.88 eV) compared to 25 °C which peaked at 682 nm (1.82 eV). 
The higher intensity shows that the Si nanowires are more porous while the blue shift 
suggests greater porosity and smaller nanocrystal size. The broader spectrum at 50 °C 
indicates less ordering and a larger size distribution of nanoparticles. Interestingly we 
found that Raman analysis was not very effective at characterizing the sample etched 
at 50 °C. The lack of sensitivity was primarily due to the large air gaps (~ 2 µm) 
between the nanowire clumps, which are comparable to the laser spot size. This 
results in the collection of more bulk Si signal instead of an accurate signal from the 
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Si nanowires. Figure A.5b shows the UV spectra of the Si nanowires etched at 25 °C 
and 50 °C. A strong bulk Si peak is observed for sample etched at 50 °C with a small 
kink due to smaller amount of signal collected from the nanowire surface. The weaker 
broader peak at 510 cm-1 from the deconvoluted spectrum reveals that at 50 °C the Si 
nanowires are formed within the coral like morphology. The UV Raman of sample 
Control at 25 °C however is quite straightforward showing nature of mesoporous 
wires as discussed in previous sections.    Similarly visible Raman (Figure A.5c) was 
only capable of collecting the signal from tensile strained Si wire structures (red shift 
of 2 cm-1 from bulk Si). No conical line width asymmetry was observed from sample 
prepared at 50 °C while nanostructures from sample prepared at 25 °C can be 
effectively probed. The NIR Raman shown in Figure A.5(d) shows a weaker Raman 
peak due to increased probing depth to silicon substrate and a slight red-shift is due to 





Figure A.5: PL (a) and Raman spectra [UV (b), Visible (c) and NIR (d)] of Si 
nanowires etched at 25 °C and 50 °C.  
 
Figure A.6 shows TEM images of the as synthesized nanowires etched at 50 
°C. The nanowires etched at 50 °C were about 10 times thicker than those etched at 
25 °C. The nanowires however had a sponge-like porous layer. Insets in Figure A.6b 




Figure A.6: TEM images of Si nanowires etched at 50 °C showing different types 
of microstructures. Inset in (b) is 20 nm. 
 
Etching at a higher temperature not only increases the rate of reaction but also 
increases the catalytic activity of a catalyst. Therefore when MACE was carried out at 
50 °C, the Au nanoparticles were more efficient at decomposing H2O2, which 
facilitates the dissolution of Si at the metal-Si vicinity. Also based on our proposed 
model, one would also expect higher hole injection into Si which further increases the 
rate of Si nanowire etching by HF, along the nanowire. Hence for the same duration 
of time, the higher Si dissolution (at 50 °C) results in shorter nanowires compared to 
the nanowires etched at room temperature. In addition, the greater attack experienced 
on the nanowire surface increases the porosity of the nanowires as shown in Figures 
A.4b and A.6b. In addition, the thick Si nanostructure shown in Figure A.6a exceeds 
the spacing between Au nanoparticles on Si (shown in Figure 4.2). It was also noted 
that the etching process appeared more vigorous with very strong effervescence 
observed. The formation and emission of H2 gas during the etching process can cause 
the Au nanoparticles to be displaced during the etching process. The displacement of 











B.1 Formation of Si Nanocones from Nanowires 
The basic process steps of the IL-CE method as well as the subsequent steps to 
obtain the Si nanocones are summarized schematically in Figure B.1. By carefully 
controlling the etching duration, straight or bent nanowires can be obtained. Note that 
Figure B.1 shows that during MACE, porous Si will result at the surface of the 
nanowires.  A further oxidation in ambient or by wet oxidation of such nanowires 
followed by wet etching in 10% HF solution, resulted in large area, precisely located 
and well controlled geometry and size of nanocones on Si surface. The mechanism 






Figure B.1: Schematic diagram showing the process flow in obtaining Si 
nanocones from nanowires via the IL-CE method. Note that the bending of 
nanowires is not illustrated in this schematic diagram. 
Figure B.2 shows the scanning electron micrograph (SEM) images of Si 
nanowires that had been etched with exactly the same etching conditions except with 
different etching durations that resulted in (i) straight (~1.70 µm), (iii) top-bent (~1.80 
µm) and (v) severely-bent (~2.00 µm) nanowires. SEM images (ii), (iv) and (iv) 
shows the respective Si nanowires after being etched again in 10% HF for 1 minute. 
The different degree of bending of nanowires may be linked to the different degree of 
porosity of these nanowires. This will be further discussed when we examine the 





Figure B.2: SEM images of large area, precisely located (i) straight, (iii) top-bent 
and (v) severely-bent Si nanowires that were etched in a mixed solution of H2O, 
HF and H2O2 at room temperature respectively. SEM images (ii), (iv) and (vi) 
show the different shapes of nanostructures after etching Si nanowires in 10% 
HF solution for 1 minute at room temperature.  SEM image (vii) shows Si 
nanocones produced by an additional wet thermal oxidation and HF etching of 
top-bent nanowires in (iii).  
  
In a similar experiment, a pure Si wafer and a Si wafer partially covered with 


















H2O, HF and H2O2 at room temperature for 10 minutes, and the results are shown in 
Figure B.3. It can be seen from this figure that for the Si wafer that is partially 
covered with Au layer, the etching process has resulted in Si with different surface 
conditions. The Si underneath the Au layer (located at region (i)) is covered with 
numerous small pores; followed by a much rougher Si surface with larger pores 
located at region (ii) (~200 µm from edge of Au layer). At region (iii) (~1 mm from 
edge of Au layer), the Si surface is smoother and resembles that of a pure Si wafer 
(see (iv)) that was etched together in the mixed solution of H2O, HF and H2O2.  This 
shows that the presence of the Au catalyst facilitates an etching process on Si in the 






Figure B.3: SEM images of Si wafer partially covered with Au layer and pure 
Si wafer that were etched in H2O, HF and H2O2 at room temperature. Note that 
images (i) to (iii) refer to results obtained from Si wafer partially covered with 
Au layer and image (iv) is from pure Si wafer as defined by the schematic at the 
top of this figure. 
  
Tsujino and Matsumura [1] have reported the formation of a porous layer at 
the Si surface within several hundred nm from the metal catalyst when a Si wafer was 
catalytically etched in HF and H2O2. Li and Bohn [2] have also reported on the 
formation of porous Si adjacent to Au or platinum metal coating when Si is etched in 
a mixed solution of HF and H2O2. It was suggested that during MACE, holes are 
injected into Si through the metal/Si interface and the holes are attracted near the 













However, when many positive holes are injected, i.e. etched in high concentration of 
H2O2, some of them escape from the electrostatic force and this leads to lateral 
transport of charge carriers to Si near the vicinity of the metal catalyst.[1] This is 
responsible for the generation of the porous Si at the vicinity of the catalyst, as shown 
in region (ii), of Figure B.3. The smoother surface at region (iii) may be a 
consequence that it is not possible for the lateral transport of significant amount of 
holes to this region. Based on the results from Figure B.3 and the mechanism 
described above, we suggest that during the formation of Si nanowires by MACE, as 
the MACE duration increases, the top part of the nanowire would be more porous 
compared to the lower part because the top part would have been exposed to the 
etchant for a longer period of time. 
 Figure B.4 shows the corresponding room temperature photoluminescence 
characteristics of the nanowires described in Figure B.2. Note that the straight and 
top-bent nanowires exhibit some photoluminescence signal (at ~ 650 nm) as 
compared to bulk Si wafer. The severely-bent nanowires, however, give rise to a 
stronger photoluminescence signal than the straight and top-bent nanowires. As 
mentioned earlier, the surface of the nanowires was porous, and thus the origin of the 
photoluminescence observed here can be due to the “porous Si” at the nanowire 
surface. However, one would expect a shift in the photoluminescence peak as the 
porosity of Si changes as pointed out by Wolkin et al.[3] As a matter of fact, Wolkin 
et al. have shown conclusively that the origin of the photoluminescence (at ~650 nm) 
observed from porous Si samples, prepared by anodic etching of Si in HF, was due to 




Figure B.4: Photoluminescence characteristics of Si nanowires obtained from 
the MACE of Si with Au catalyst in a mixed solution of H2O, HF and H2O2 at 
room temperature. 
 
 We performed another set of photoluminescence experiments by dipping the 
Si nanowires in 10% HF solution for 1 minute after the first set of photoluminescence 
experiments were completed. It is very interesting to note that no photoluminescence 
peak at ~650 nm could be observed from all straight, top-bent or severely-bent 
nanowires anymore. Etching the nanowires in HF would have removed all the native 
oxide present on the nanowires surface. This convincingly shows us that the origin for 
the photoluminescence observed in our nanowires was due to oxide-related defects at 
the Si nanowire surface, as suggested by Wolkin et al.[3]  
 As mentioned earlier, Figures B.2 (ii), (iv) and (vi) show SEM images of Si 
nanowires after being etched again in 10% HF for 1 minute. Table B.1 summarizes 
the change in volume of the nanowires as a result of etching in 10% HF solution. The 
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percentage change in volume was arrived by dividing the change of nanowire volume 
(i.e. by subtracting the final volume to the initial volume) to the initial volume of the 
nanowires. Note that the straight nanowires remained straight after etching in 10% HF, 
and have a reduction of nanowire height from ~1.7 to 1.5 µm, giving rise to a 10% 
change in volume with the oxide removed. The top-bent and severely-bent nanowires 
had a reduction of height from 1.80 to 1.4 µm, and 2.00 to 1.00 µm, respectively. This 
leads to a 74% and 86% volume reduction when the nanowires were etched in 10% 
HF solution. The top-bent nanowires give rise to Si nanocones after the oxide at the Si 
surface was removed. Note that a large number of these nanocones exhibit “blunt” 
tips. The removal of significant amount of oxide from severely-bent nanowires 




Type  of  Diameter      Initial height Height after    Volume  Change in 
nanowires    [nm]          [µm]  HF etch   reduction  volume 
      [µm]   [µm3]            [%]  
Straight 400          1.70  1.50    2.51x10-2 10 
Top-bent 260          1.80  1.40    7.08x10-2 74 
Severely bent 490          2.00  1.00    3.1x10-1 86 
 
 Figure B.2 (vii) shows an SEM image of top-bent nanowires that have gone 
through a further wet thermal oxidation process at 900 ⁰C for 35 minutes and then 
etched in 10% HF solution. It can be seen from this figure that significantly sharper 
nanocones were obtained by the extra wet thermal oxidation process.  Therefore, we 
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are able to vary the geometry of the Si nanocones by manipulating the amount of Si 
oxide grown on Si nanowire surface. 
 The results from Figure B.2 suggest that all the nanowires obtained from the 
IL-CE method contained Si oxide after exposure to atmospheric ambient. Figure B.1 
schematically illustrates how we obtained sharp Si nanocones from nanowires. We 
assume here that the removal of Si oxide from the Si nanowires is complete while 
immersed in the mixed solution of H2O, HF and H2O2. Therefore, the oxide formed 
after the nanowires had been exposed to air must be due to a reaction from ambient 
oxygen to the porous Si at the surface of the nanowires.  The porous Si will oxidize 
rapidly as the sponge-like structure [4] consists of a large number of pores resulting in 
a large surface area for rapid oxidation.[3] It also means that the region with the 
highest degree of porosity was found to be at the bending portion of the severely-bent 
nanowires, in agreement with our earlier suggestion. The non-uniform distribution of 
porous Si along the length of the nanowire and its subsequent oxidation in ambient 
conditions results in the residual nanocone. By performing a controlled oxidation step 
for the top-bent nanowires, more Si is consumed at the top portion of the nanowires 
forming even sharper nanocones compared to those obtained from ambient oxidation. 
  Hochbaum et al.[5] have recently examined the structure of single crystalline 
mesoporous Si nanowires obtained by etching p-type Si wafers in a solution consisted 
of AgNO3 and HF. They have observed an increase in the surface roughness of the 
nanowires as the resistivity of three Si wafers changed from 10, 0.1 to 0.005 Ω cm. As 
our results above were all obtained from n-type Si of resistivity 10 Ω cm, we selected 
p-type Si wafers of resistivity of 10 Ω cm, 0.1 Ω cm as well as n-type 0.1 Ω cm Si to 
determine the influence of dopant type and concentration for the creation of 
nanocones. The preparation procedures were exactly the same as shown in Figure B.2
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and the SEM images of the as prepared nanowires and the nanocones (i.e. after 
oxidation and HF etch) are shown in Figure B.5 (i), (iii), (v) and (ii), (iv), (vi), 
respectively. It should be noted that with a lower resistivity Si wafer, the as-prepared 
nanowires are of comparable height as those obtained from Si wafer of 10 Ω cm (by 
exploiting a shorter etch duration), but resulted in shorter nanocones when oxidized 
and etched in HF. This is in agreement with the results of Hochbaum et al.[5] in that 
our lower resistivity wafer would have given rise to more porous Si nanowires and 
then resulted in shorter nanocones when oxidized and etched in HF. Our results also 






Figure B.5: The SEM images of as etched nanowires with (i) p-type Si with 
resistivity 10 Ω cm (iii) p-type Si with a lower resistivity of 0.1 Ω cm and (v) n-
type Si with resistivity 0.1 Ω cm. SEM images of the respective nanocones 
obtained by wet thermal oxidation and HF etch of the nanowires are shown in 
(ii), (iv) and (vi) respectively.  
 
 We have carried out another experiment by thermally evaporating 2nm of Au 
on an n-type Si wafer with a resistivity of 10 Ω cm. As the film is very thin, it 
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composed of Au islands. We then performed MACE for two different etching 
durations, 4 min and 20 min. Figures B.6 (i) and (ii) are SEM images of the as etched 
Si surface. Regions covered by Au would be etched and leaves behind a network of Si 
nanowires with varying sizes. Due to capillary effect, clumping of the nanowires is 
observed. Figures B.6 (iii) and (iv) show the Si surface after a similar wet oxidation 
and HF etch mentioned earlier. A shorter etch duration does not result in significant 
porous Si formation, therefore only the surface of the nanowires will be oxidized and 
etched away in HF causing a thinning in the nanowires. 
 
 
Figure B.6: SEM images of 2nm Au evaporated on Si and catalytically etched for 
(i) 4mins and (iii) 20mins. (ii) and (iv) are SEM images of the respective 








  As observed from Figure B.6 (iv), conical structures were obtained by 
exploiting a longer etching duration. This is in agreement with our earlier statement 
that as MACE takes place, the nanowires become more porous. A longer etch 
duration will result in more porous Si formation, and leaves behind nanocones after 
oxidation and HF etch. The resulting networks of nanocones have varying heights, 
and are randomly located. Though nanocones can also be obtained by a simple thin 
metal deposition followed by MACE, oxidation and HF etch mentioned above; there 
is no control in terms of location and geometry of the nanocones obtained. The above 
experiment does however verify the mechanism in which we obtain our precisely 
located and geometrically controlled nanocones.   
 There are few reports on the synthesis of Si nanocones using different 
methods. For examples, Bae et al. synthesized Si nanocones via the vapor-liquid-solid 
method using Ga and Al catalysts,[6] Yang et al. synthesized Si nanocones on Fe-
coated crystalline Si using RF microplasma in air,[7] Tsuji et al. fabricated Si 
nanocones using agglomeration in the Si/CoSi2/Si double heteroepitaxial structure.[8] 
It should be noted that, there is really no evidence of spatially well located nanocones 
being fabricated in all these reports, and the control of the nanocone size seems to be 
rather difficult to achieve. Hsu et al. fabricated Si nanocones via self assembly of 
silica nanoparticles followed by careful control of reactive ion etching.[9] Though 
they are capable of fabricating nanocones over a wide area, the presence of domains 
and grains due to the self assembly process makes it impossible to achieve ordering 
over very large area as compared to our results shown in Figure 5.10. Furthermore, 
the synthesis methods in the above examples are much more complicated and costly 
compared to our process.  
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 The nanocone array we fabricated, paves the way for a wide variety of 
interesting applications. Due to the positional control we are capable of achieving, our 
nanocones are ideal in applications where location, position and uniformity are 
important. For example, the nanocones can be used as a master for nanoimprinting on 
polymer substrates. These polymer substrates can then be treated as platform for 
biomedical research. Nanocones can also function as probes for scanning probe 
nanolithography.[10] Finally, our large area array of nanocones can be exploited in 
applications that require field emission [11] or as photodetectors as suggested by Zhu 
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